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The effects" the pore size distribution and permeability of 
cement pastes of replacing varying proportions of the cement by Fly ash 
or ground granulated Blastfurnace slag were studied in this work. 
Mercury intrusion porosimetry was used to measure pores in the 
range 37 - 75,000 Angstrom, and oven drying of saturated samples at 
1050 C to measure the total porosities of Fly ash or Blastfurnace slag 
replaced cement pastes, at water/cement ratios of 0.3 and 0.4 at ages 
3, 7, 28, 90, 270 and 560 days. Water permeabilities were measured by 
applying direct hydrostatic pressures to specimens, with a back pressure, 
o 
and measuring the flows ina specially constructed apparatus at 20 C. 
The replaced cement pastes showed useful reductions in water 
permeability provided high levels of replacement were avoided (less than 
40% for Fly ash, or less than 80% for Blastfurnace slag. The parameter 
defined as the ratio of total intruded pore volume (maximum pressure 
2 2000 kg/cm ) to total porosity followed the same general trend as water 
permeability and is a useful parameter in assessing a cement. 
The reduction in water permeability of cement pastes with varlOUS 
replacement levels of Fly ash or Blastfurnace slag is not due to a 
reduction in total porosity, which increases, but is caused by a shift of 
pore Slze distribution to finer pores, together with a blocking of 
capillary pores by increased gel product. 
The bleeding rate and capacity were reduced for increasing Fly ash 
or Blastfurnace slag replacement. 
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The durability of cement can be improved by the addition of Fly Ash 
or B1astfurnace slag which are the relatively cheap waste products of 
the power and steel industries. Interest in cements containing these 
materials is sufficiently great that considerable data on properties 
is already available and various standards exist in many countries 
governing the quality and permitted proportions of such substances ~n 
cement. However, at present, there is an absence of data concern~ng the 
effect of replacement of the cement by Fly ash or Blastfurnace slag 
upon the pore structure or the water permeabilities which develop. 
Hence in this research the major aim was to investigate how the pore 
structure and water permeabi1ities were affected by varying replacement 
levels of Fly ash or ground granulated Blastfurnace slag. 
Much data on the porosity characteristics of hardened cement 
pastes is confined to the range of 100-1000 Angstrom but it was felt that 
the research here should not be so confined and data should be collected 
on porosity characteristics extending each side of this range, ~n 
particular over the full range currently possible by mercury intrusion 
porosimetry 37-75,000 Angstrom. As discussed below pores exist mainly 
in two forms in hardened cement paste, gel pores and capillary pores, 
and the methods of determining pore structure and permeability will be 
. 
g~ven. 
Some relationship between water permeability and porosity character-
istics of a cement paste is expected, but this relationship for Fly ash 
or Blastfurnace slag replaced cement pastes is not a simple one, as 
becomes apparent from the research data presented here, and will be 
discussed. 
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It has been necessary to select starting materials carefully so 
that the conclusions reached in this research typefy the various Fly 
or 
ashes .r Blastfurnace slags used in the cement industry. The considerable 
experimentation required in obtaining data for just one Fly ash and one 
Blastfurnace slag composition may, however represent some limitation. 
To facilitate the scientific interpretation of data obtained it has been 
necessary to use replacement levels covering a range greater than the 
levels permitted by various standards. 
During the progress of this research, it has been necessary to 
check properties such as compressive strength to ensure compatibility 
between samples tested here and those of other researches. Inevitably 
additional data, such as bleeding characteristics was required to 
confirm that segregation did not occur in the test mixes. 
1.2 PORE STRUCTURE 
1.2.1 PORE STRUCTURE OF CEMENT PASTES 
In the Powers model (1958, 1960, 1964), at any stage of hydration, 
the hardened cement paste is considered to be a conglomerate of cement 
gel, calcium hydroxide, unhydrated cement and capillary pores. The 
capillary pores are due to the water filled spaces between the cement 
grains which remain after the cement has set. The hydrated product, gel 
which will fill most of the capillary pores is regarded as containing 
gel pores. As hydration proceeds, the amount and distribution of porosity 
between capillary and gel pores changes considerably. Initially all the 
pores are capillary pores. As hydration proceeds, the capillary pore 
volume is reduced because the capillary pores become filled with hydration 
products, and the gel porosity increases. There is a net reduction in 
total porosity because hydration increases the solid phase volume in ~ature 
and dense pastes and the capillaries become blocked by gel and 
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segmented so that they are inter-connected solely by gel pores. 
At a certain critical water/cement ratio near to 0.38, according to 
Powers and Neville, fully hydrated cement paste would have no capillary 
porosity. It would have only gel pores, which would occupy about 28 
per cent of the gel volume. At higher water/cement ratios and at 
complete hydration, there would be about 28 per cent gel pores plus 
capillary pores due to excess water. Thus in hydrated paste there are 
two distinct classes of pores and these are represented diagrammatically 
in Figure 1.1. The gel pores, according to Powers,are orders of 
magnitude smaller than the capillary pores, though they are greater ~n 
size than molecules of water. 
Feldman and Sereda (1968) concluded that cement gel has a layered 
structure, with water separating the layers. This water is called inter-
layer hydrate water, or "solid" water chemically bound to the hydrate 
crystals. They also divided the water in cement paste into three 
physical categories: (i) water of crystallisation, (ii) free water 
saturated with calcium hydroxide in the capillary pore spaces in the 
cement paste and (iii) adsorbed water on the walls. A diagrammatic 
representation of this is given in Figure 1.2. 
Powers and Brownyard (1947) were the first to arbitrarily divide the 
water in cement paste into evaporable and non-evaporable types. 
Basically, the non-evaporable water is the water of hydration. The 
evaporable water is the water that is removed by drying at a temperature 
o 
of 105 c. The evaporable water is the gel water and capillary water 
which is held in the gel pores and the capillary pores respectively. 
A part of this evaporable water is within the field of force of 
the solid phase, i.e. it is adsorbed. This water is often regarded as 
having a high viscosity but being nevertheless sufficiently mobile to 
take part in the flow (Nyame and Illston, 1981; Neville, 1981). 
Figure 1.1. Simplified model of paste structure, solid dots represent 
gel particles; interstitial spaces are gel pores; spaces 
such as those marked C are capillary pores (the size of 
12 
gel pores is exaggerated for clarity) (after Neville, 1981). 
Tobermorite sheets 
Figure 1.2. Probable structure of hydrated calcium silicates (after 
Neville, 1981). (Tobermorite refers to hydrated calcium 
silicates) . 
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The average S1ze of gel pores may be interpreted in terms of a 
hydraulic radius, defined as the reciprocal of the specific surface area 
expressed in units of area per unit volume. Estimates of the hydraulic 
radius as of the order of 7 Angstrom have been cited by Powers (1960, 
1964). This value implies an average distance from surface to surface 
of 15 to 20 Angstrom dependihg on the pore shape factor. Powers 
favoured a best estimate of 18 Angstrom for this average surface to 
surface distance. Powers and Brownyard(1947) suggested that the 
capillary pores constitute an interconnected continuous network in fresh 
cement paste, but for pastes of reasonable water/cement ratios it was con-
sidered that the capillary pores would become discontinuous as hydration 
proceeded. When this occurred, any transmission of fluid between 
capillary pores would involve its passing through gel pores of very much 
smaller size. 
One of the important questions that does not appear to have been 
completely resolved is whether or not the pore size distribution is 
continuous over the range from gel to capillary pores. In Verbeck's 
(1966) discussion of pore S1ze distribution by nitrogen adsorption he 
indicated that there 1S a broad and continuous spectrum of pore S1zes 
1n the gel-capillary pore system. This is supported by the conclusions 
mentioned in Winslow and Diamond (1970). They published an extensive 
study of porosimetry applied to Ordinary Portland cement paste. In 
some respects their observations agree with general cement paste structure 
as elucidated by Powers and Brownyard (1948). But 1n the critical area 
of distinguishing between capillary and gel pores they concluded that the 
volume of gel pores given by the Powers model is too great. They 
further observed that the pore volume corresponding to radii in the range 
of 100-1000 Angstrom is substantial at all ages, that is the pore 
volume is generally considered to lie between gel pores and capillary 
pores. From this evidence Winslow and Diamond suggested that "most of 
14 
the volume in cement paste is neither capillary nor gel porosity per se, 
but consists of spaces left between particulate hydration products, 
supplemented by pores ~n spongy hydration products found to be present 
by scann~ng electron m~croscope observation". 
Verbeck (1966) arbitrarily divided the pore system into two reg~ons. 
Gel pores, considered to vary from lG to 80 Angstrom and the capillary 
system from 80 Angstrom to 1.3 microns. 
Diamond (1971) critically compared sorption and mercury porosimetry 
methods of pore structure analysis and concluded that mercury intrusion 
is relatively more efficient in assessing the distribution of the 
relatively large pore structure characteristic of hardened cement paste. 
Auskern and Horn (1973) mentioned that there is not much capillary 
porosity less than 60 Angstrom in diameter. The maximum capillary 
porosity is a function of water/cement ratio and maturity. For a 
mature paste of water/cement ratio equal to 0.55, the maximum pore 
diameter is about 2000 Angstrom. Also they mentioned that the difference 
in capillary pore structure between cement pastes of different water/ 
cement ratios lies mainly in the region of large pores; pastes with 
higher water/cement ratio having a group of large pores not present ~n 
lower water/cement ratio pastes. 
In the present work high pressure mercury porosimetry measurements 
were made on cement pastes (prepared at water/cement ratios of 0.3 and 
0.4) with vary~ng proportions of the cement replaced by Fly ash or 
Blastfurnace slag, for reasons discussed later in relation to bleeding. 
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1.2.2 MEASUREMENT OF PORE STRUCTURE 
Determination of total pore volume is a routine measurement in 
most laboratories dealing with porous materials. The value usually is 
calculated as the difference of two specific volumes. Thus the 
internal pore volume is calculated from the difference between the 
bulk density and particle density (McBain 1932). 
A complete description of pore structure requires the measurement 
of the distributions of pore sizes, volumes, shapes and surfaces over 
the entire range of the pore size spectrum within the porous solid. 
Several authors (Diamond and Dolch 1972, Auskern and Horn 1973, 
Diamond 1973, Sellevold 1974 and Nyame 1980) have successfully 
measured the distribution of large pores in hardened cement paste, by 
mercury porosimetry. Sorption methods tend to be more efficient for 
the smaller pores (Diamond 1971). The helium comparison pycnometer 
does not give information on pore sizes but it has been usefully 
applied to study the collapse or re-expansion of interlayer spaces 
within the calcium silicate hydrates of hydrated cement paste (Feldman 
1972). 
1.2.2.1 MERCURY POROSlMETRY METHODS 
Mercury porosimetry has been reviewed in detail by Rootare 1967, 
Orr 1970 and Diamond 1971. The method is based on the fact that a 
liquid, which does not wet a solid, can only enter pores in that solid 
under an applied pressure. 
The amount of work, W required to force the liquid into a pore of 
16 
radius r and length L is proportional to the increased surface exposed 
to the mercury at the pore wall. Assuming cylindrical ?ores (Ritter 
and Drake 1945) showed that 
w = 2 Tt rL Y cos 9 (1.1 ) 
where 
Y = surface tension of the liquid(mercury), defined as the work 
required to produce one square centimetre of surface. 
e = contact angle between the liquid and the wall of pore. 
For a liquid which does not wet the solid (8 > 900 ) a positive 
pressure is required to force it into the pores, increasing as the radius 
of the pores decreases. This ~s consistent with capillary fall as 
opposed to capillary rise when 8 
e 
o 
< 90 . See Figure 1.3. 
Figure 1.3 Left : Capillary rise : liquid wets the solid; e < 90 
Right : Capillary depression: liquid does not wet 
solid; e > 90 
Thus work mus t be done to force mercury iute." a ?ore. rfo/nen a 
volume of mercury V is forced into a pora under external ?ressure? 
the amount of work W is given by: 
w = P V 
2 
= PiT r L (1 .2) 
At equilibrium, equations 1.1 and 1.2 may ~e combined to give 
.. 
17 
Pr --2 Y cos e (1.3) 
Equation 1.3 was developed by Washburn, 1921 and is often referred to 
II ~ 
as the Washburn equation. 
Ritter and Drake (1945), published experimental data obtained by 
nercury por0simetry. They used a resi~tance wire to make contact 
with mercury in a capillary stem to monitor volume changes. They 
also developed one of the earliest high pressure porosimeters and 
measured the contact angle between mercury and variety of materials, 
which they found to be between 1350 
as a reasonable average. 
o 
and 142 . o They selected 140 
Winslow and Diamond (1970) determined the contact angle for oven 
dried specimens of hardened cement pastes and found it to be 117 0 (and 
the mercury surface tension to be 484 dyne/em), though they found that 
the contact angle tended to vary with drying conditions. 
For the present work a commercial Carlo Erba 200 series mercury 
porosimeter was used. In this the volume of the mercury which 
penetrates the pores of the sample is ~easured with a dilatometer and 
it 1s recorded automatically as a function of pressure. The general 
technique for mercury porosimetry is described more fully in Chapter 
3. 
1.2.2.2 SORPTION METHODS 
Total pore volume and pore size distribution ~ay Je dete~ined 
from gas adsorption isothe~s, provided that the amount or gas 
adsorbed on the pore surfaces is small compared with the amount 
adsorbed at the saturation pressure. ~';i th many adsor:,ents a 
I 
1S 
hysteresis loop occurs between the adsorption and desorption curves pro-
vided a monolayer has been completed. This has been explained as 
being due to capillary condensation in the pores of the adsorbent. As 
the pressure is reduced, the adsorbate does not evaporate as readily 
from the capillaries as it does from a flat surface due to a lowering 
of the vapour pressure over the concave meniscus formed by the 
condensed vapour in the pores (Skalny and Odler 1972, Brunauer et ale 
1970, Gregg and Sing 1967). The lowering of the vapour pressure for a 
cylindrical pore of radius r is given by the Kelvin equation, (Gregg 
and Sing 1967). 
In(P/Po) = (1.4) 
where r = pore radius 
Y = liquid surface tension 
e = contact angle of liquid and the walls of the pore 
Po = saturation vapour pressure of the adsorbate 
p/Po = relative gas pressure 
This 
v = molar volume of adsorbate in liquid form L 
T = temperature (K) 
R = molar gas constant 
equation may be further developed from thermodynamic 
considerations or by using the method of Young and Laplace (Gregg and 
Sing 1967). The two forms of the equation that develop are 
respectively 
In(P/Po) =-yVL S cos e/RTVv (1.5) 
I 
and 
where S = surface area 




r 1 and r 2 are the radii of curvature of the curved 
surface of the meniscus in mutually perpendicular planes. 
the 
The pore radius given by/Kelvin equation is in fact the radius of 
that part of the pore which is not covered by the adsorbed molecular 
layer, therefore a correction to the volume of vapour absorbed needs 
to be made to allow for the thickness of the adsorbed film to obtain 
the true pore radius. If allowance is made for the thickness of the 
adsorbed film t, the relevant radius for the relative pressure, plpo 
would be r-t and the volume adsorbed would be made up of two parts, 
the volume filling capillary pores and the volume which increases the 
thickness of the adsorbed layer on pores with radii greater than r. 
In order to determine the pore size distribution, it is therefore 
necessary to know t. This problem is discussed more fully by Gregg 
and Sing, 1967. 
Oulton (1948) assumed the thickness of the adsorbed layer remains 
constant over the whole pressure region. Schull (1948) pointed out 
that this gave too high a value for t in the high pressure region and 
he determined multilayer thicknesses from experimental data with 
non-porous solids. However, their distributions do tend to agree with 
those obtained by mercury-intrusion methods (Jayner et ale 1951), so 
• 
.::u 
the assumptions are perhaps not particularly significant. 
Cranston and Inkley (1957) derived a curve of thickness of 
adsorbed layer, t against relative pressure, plpo from published 
isotherms on fifteen non-porous materials by dividing the volume of 
nitrogen adsorbed by the BET surface area. They stated that their 
method may be applied either to the adsorption or desorption branch of 
the isotherm and that the indications were that the adsorption branch 
should be used, a proposal which is at variance with current practice. 
Gregg and Sing 1967, Brunauer et al.1967 and Roberts 1967, agreed 
that the shape of the t-curve depends on the energy of adsorption, t 
increasing at the same relative pressure with increasing energy. 
Mikhail et al. 1972 and Hagyrnassy et al. 1967 supplied suitable t 
curves for hardened cement pastes. 
1.2.2.3. HELIUM pyaOMETER 
In the helium. pycnometer technique one may obtain the "solid 
volume" of a sample by helium displacement. The solid volume is 
considered to exclude all pores, but include interlayer spaces which 
mayor may not be occupied by water. Helium can be assumed to flow 
rapidly into all pores except the interlayer spaces (Feldman 1971). 
The technique has been used successfully to study the collapse anc 
re-expansion of interlayer spaces due to penetration and withdrawal of 
interlayer hydrate water (Feldman and Sereda 1970, 1968). 7hough, 
according to Brunauer (1972) and 2eldman (1972), the inter?retation or 
• 
~l 
the data is questionable. 
Nyame (1980) found that the measurement of total porosity by a 
simple oven drying procedure was more successful than the helium 
inflow method. 
1.3 BLEEDING 
1.3.1 BLEEDING PHENOMENA 
The process of bleeding is a familiar one and has been studied 
extensively by many investigators, particularly Powers, 1939 and 
Steinour, 1944. Immediately, after the placing of cement paste thera 
is a tendency for the solid particles to settle due to gravitational 
forces and for water to collect at the surface, this is called 
bleeding (Powers 1939). 
Bleeding may take place gradually by uniform seepage over the 
whole surface. In addition to general seepage, a number of localized 
"pipes" or channels from the interior to the surface may sometimes 
develop. From these the water may flow with sufficient velocity to 
transport small solid particles and build up miniature craters around 
the mouth of each of the channels which is called excesGive bleeding. 
The formation of channels and craters is characteristic of rather vet 
consistency. It shows a need for corrective measures. On the other 
hand, when bleeding occurs by uniform seepage only, the composition 
of the mix ~s probably homogenous within reasonable bounds, and the 
bleeding itself is not necessarily undesirable. Such bleeding ~s 
called normal bleeding. 
• 
There are two aspects of bleeding to be considered, the rate at 
which it occurs, and the total amount. 
The rate of bleeding under fully saturated conditions where 
capillary "tension cannot develop can be conveniently divided into two 
stages: a stage at which bleeding occurs at a constant rate, followed 
by a period of diminishing rate. The conditions which determine the 
length of the period of constant rate are various and are considered in 
more detail later. 
The total settlement tends to be proportional to the depth of the 
freshly placed mass. The amount of settlement divided by the depth 
of the mass is called the bleeding capacity. 
The bleeding capacity can be expressed as the total loss per unit 
of water originally in the mixture. The nature of the phenomenon is such 
that the loss of water is not the same from the upper and lower parts of 
the mass. Under some circumstances, the water content of the upper part 
may remain unchanged all the loss being from the lower part. 
Powers (1939) distinguished three zones 1n a sufficiently deep 
semi-infinite sample of paste after settlement: 
1. A zone of clear water at the top. 
2. A zone of uniform density equal to the original density. 
3. A compressed zone 1n which there is a gradient of density, 
increasing towards the bottom (see Figure 1.4). 
Although free water accumulates at the top, it 1S immediately above 
a zone of uniform density equal to the original density implying that 
there is no apparent segregation in this zone; this water effectively 
comes from the compression zone lower down. The compression zone begins 
at the depth where the hydrostatic pressure exceeds the interparticle 
repUlsion. Powers, 1939 noted that lIa fourth zone of maximum compression 
with uniform density, which was thought could exist, did not develop under 
the compressive forces of the magnitude developed from the weight of the 
. " sed1ment . 
The bleeding curve (see Figure 1.4) can be divided into sections: 
a straight line that indicates a period of constant rate of bleeding, 
followed by a period of diminishing rate, then a zero rate. 
Bleeding characteristics, that is, initial rate of bleeding, 
and the bleeding capacity as characterized by the shape of the 
bleeding curve (Figure 1.4) depend mainly on effective specific 
surface particle interaction and chemical composition (Steinour, 1945). 
Additionally mixing method and equipment affect these characteristics 
s~nce they control the initial degree of dispersion (Powers, 1945; Va10re 
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Figure 1.4. Development of sedimentation (compression ) zones 
in a semi-infinite sample. (Arter Powers, 939 ) . 
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adsorption. Powers (1939, 1968) discussed in detail the effect of the 
dimensions of sample based on development of peripheral and sedimentation 
zones. 
The initial linear part of the bleeding curve suggests the sediment-
ation of the porous layer of paste is uninfluenced by particle interaction. 
With time, the compressed zone builds up. The continuous variation of 
the density in the bottom compression zone decreasing from the base up to 
the uniform density zone is an indication of the effect of the inter-
particle electrical repulsion and time-dependent development of mechanical 
resistance. If the rate of development of mechanical resistance is high, 
discontinuities may occur In the bleeding curve. A post-bleeding expan-
slon may also be observed (see Figures 1.6 to 1.10 inclusive) due to 
expansive components of the cementitious constituent; also after about an 
hour significant heat of hydration is being developed which causes an 
. 
expanSlon. 
A suspenslon In which the interaction between the layers consists 
solely of electrical repulsive forces would exhibit a continuous variation 
of density without depth, getting greater as the depth increases as a 
result of settlement. If the particle interaction is only due to 
mechanical contact of particles with well defined solid surface boundaries, 
settlement of a layer would virtually stop when it came in contact with 
the settled zone. The effect of gelation and setting could be roughly 
visualized by assuming that thickness of the settling layers increases 
with time until they touch one another. 
The structural consequences of bleeding on fresh cementitious pastes 
can be divided into two broad groups, (i) Those related mainly to rate 
of bleeding, such as channelling and consolidation, (ii) Differential 
settlement, when water bleeding from some layers can cause water gains 
in other layers, a more important factor in the setting of mortars and 
concretes. Water galn is the dilution of the subsequent layer of 
material by the bleeding water that collects on the prev~ous layers 
(Powers, 1968). 
In cases of high rates of bleeding, the flaws (water pockets or 
channels) within the fresh paste matrix may result in an unsatisfactory 
performance of the material and may cause failure to seal the voids 
(Jefferis, 1972). However if the paste settles as a whole by normal 
bleeding at moderate rate it may consolidate to give practically a f1aw-
free mass (Powers, 1968). 
Hughes and Ash (1969) found that increasing the ratio of surface 
area of solids to the water in a mix reduces the anistropic effect and 
therefore the water gain. 
Hughes and Ash (1969) found that test cubes gave different compress-
ive strengths when tested in the vertical and horizontal directions; they 
attributed this anisotropy to the effects of water gain. Their work 
demonstrated that increasing the ratio of surface area of solids to the 
water in a mix reduced these undesirable effects and suggested various 
remedies including adding Fly ash to maintain the workability. 
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1.3.2 MEASUREMENT OF BLEEDING AND BLEEDING-TIME CURVES 
Powers . (1939, 1968) and Steinour (1944, 1945) made extensive 
studies of bleeding in cement pastes and suspension~ of fine powders. 
Valore et al.(1949) developed an apparatus for continuous measurement 
of bleeding in cement pastes. 
Test methods developed for the measurement of bleeding fall into 
two general categories : 
1. Methods based on the measurement of subsidence of the surface, 
the subsidence can be measured by following the surface with a probe 
connected to a micrometer or by following the subsidence of a float 
placed on the surface of the paste with a cathetometer. These two 
techniques called "probe method" and "float method" respectively and 
are shown in Figure 1.5. 
t-ffi--------- -----




--- - l -
--r~C:_==:':-==::J'--' -_._--
...... ' . \ -.. ...' . , ' .'.' '. ' " . , 
• ~ • I 
., .:.. ' ': l" "., • . , 
. . ',. .. .... 
'. ," .', •. . ' - - ' < 
... '" 
.: .;' -. . .... .' S a rn p , e ' 
~~ (- ' : .. , 
• ,- _ . t , . " _ \ l' 




: ~' ____ ~ _____ :-___ " ____ " ____ ' _________ ~f 
Figure 1.5. Measurement of subsidence of the surface of cement paste. 
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2. Methods based on the direct measurement of the volume of water 
accumulated on top of the sample. If the sample is sufficiently stiff, 
the volume of water can be measured simply by pouring it off into a 
graduated cylinder. A more accurate method is the "float-siphon 
method" developed by Powers (1939, 1968) ~n which the bleeding water is 
siphonec. out into a burette at intervals so as to keep a layer of water 
of constant thickness above the sample. This method was refined by 
Valore et ale (1949) who flooded the surface with kerosene withdrawing 
the water from underneath. 
A wall effect can occur when a paste ~s allowed to settle in a 
container that is relatively narrow and deep. The rate of settlement 
at the centre is at first the normal rate for the composition of the 
mixture, but after a certain time the rate diminishes to the peripheral 
rate, and this rate is maintained until the end of the dormant period 
if the sample is sufficiently deep (Powers 1968). The peripheral 
rate is lower than the rate at the centre because the paste tends to 
"hang up" at the walls. 
In the present work, the float method of measur~ng bleeding of the 
paste was used, employing the apparatus developed by Guner (1978). 
Figure 1.6 shows typical bleeding curves, for pure cement pastes, 
obtained by present investigation for mixes of 0.225, 0.25, 0.275, 0.30, 
0.325, 0.35, 0.375, 0.4 and 0.425 water/cement ratio. The mixes at 
0.225, 0.25, and 0.275 water/cement ratio, showed a bleeding capacity of 
less than 0.2 mm (stabilizing in ! hour). Pastes having a water/cement 
ratio 0.3 and 0.4, showed bleeding rates considerably less than 2.20 x 
10-4 cm/s which is the bleeding rate limit above which channelling may 
I 
\1''\ 
occur ~ cement pastes (Powers, 1968). The present investigation ~s 
not ultimately concerned with incomplete hydration of the cement nor with 
cases of excessive bleeding. This led to selecting the values 0.3 and 
0.4 as the most useful water/cement ratios to study. Also to be noted is 
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when the water/cement ratio ~s as low as 0.225, bleeding ~s negligible 
and the cement surface swells and may crack, which would ~n any case 
g~ve spurious readings on the bleeding rate equipment. 
Figures 1.7 and 1.8 represent the bleeding curves for two water/ 
cement ratios 0.3 and 0.4 and for different percentages of Fly ash 
replacement of cement. A similar set are presented in Figures 1.9 and 
1.10 for different percentages of Blastfurnace slag replacement of cement. 
Excessive bleeding does not occur at these water/cement ratios. 
Significant points can be made about the curves. The bleeding 
decreases with increasing Fly ash or Blastfurnace slag replacement of 
cement and with decreasing water/cement ratio from 0.4 to 0.3. Therefore, 
for slag/cement or Fly ash/cement mixes, a maximum limit for bleeding 
capacity ~s probably a sufficient stability criterion, for the corres-
ponding bleeding rate is likely to be low enough not to cause any damage. 
The apparatus and test procedures for the measurement of bleeding are 
given in Chapter 3. 
In view of the small amount of bleeding at both 0.3 and 0.4 water/ 
cement ratios, the water loss is small and consequently the water/cement 
ratios can be regarded as remaining constant (2.4% accurate). The set 
material was found to be homogeneous in this investigation. This was 
established with electron microscope and electron probe microanalysis. 
No significant difference in the elemental composition of cement pastes 
containing Fly ash or Blastfurnace slag within the samples was detected. 
Replacement of part of the cement in such mixes with Fly ash or 
Blastfurnace slag should not increase the bleeding as the specific 
gravity of both these materials are generally lower than Ordinary 
Portland cement. 
test samples. 
There also tends to be less segregation in small 
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It is important in assessing the effects of :ly ash or Blastfurnace 
slag to consider the heat generated during the setting of the cement. 
This is because characteristics of cement, such as porosity and permea-
bilityetc., depend on the development of paste hydration which can 
result in various rises of temperature. Powers (1968) and Steinour 
(1945) give data on how the initial rate of bleeding depends on the heat 
of hydration. In the present work,the temperature was measured using 
iron-constantan thermo-couples. 
monitored for 25 hours. 
After casting the temperatures were 
Table 1.1 represents the peak temperature during the progress of 
reaction of the fresh cement pastes containing varying proportions of 
Fly ash or Blastfurnace slag within 25 hours after casting. 
The results reported in Table 1.1 show the temperature rise of the 
test sample of the various mixes. It can be seen that the peak temper-
ature reduced and the time to achieve the peak lengthened with increased 
Fly ash or ground granulated B1astfurnace slag replacement of cement and 
with increasing water/cement ratio. It may be noted that the lower 
temperature rise will produce lower thermal expansion; this can improve 
the durability. 
These mixes at water/cement ratios of 0.3 and 0.4 with Fly ash or 
Blas·tfurnace slag replacement appeared stable from the point of v~ew of 
bleeding and were therefore used for the determination of pore S1ze 
distribution and water permeability. 
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Table 1.1 
Slag/ Peak temperature °c (time (min) Fly ash/ Peak temperature °c (time 
cement after casting) cement (min) aftar casting) 
% 
water/cement ratio % water/cement ratio 
0.225 0.3 0.4 0.3 0.4-
0 57 (232) 50 (450) 46 (615) 0 50 (450) 46 (615) 
5 54 (236) 48 (463) 41 (634) 5 46 (460) 43 (665) 
10 53 (258) 48 (492) 40 (690) 10 43 (485) 38 (725) 
20 51 (266) 41 (515) 37 (725) 20 37 (505) 32 (820) 
40 44 (330) 40 (565) 33 (770) 40 34 (575) 29 (875) 
60 40 (360) 35 (580) 33 (815) 
70 37 (363) 33 (590) 32 (825) 
30 35 (380) 31 (635) 30 (830) 
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1.4 WATER PERMEABILITY 
The permeability of a porous material to water ~s a function of the 
geometry of the boundary between the solid component and the pore space. 
The flow of water through cement paste is fundamentally similar to flow 
of water through any porous body (Powers, Mann and Copeland, 1959; 
Neville, 1981). 
In the development of the pore system, the water/cement ratio ~s 
the inf1uencin~ I'arameter. A high water/cement ratio lead: to a large 
volume of capillary pores which at the beginning are filled with water 
and become smaller as maturing progresses, although if bleeding has been 
excess~ve the permeability to water will be high due to channels. At 
lower water/cement ratios (as discussed in Section 1.2.1) there is a net 
reduction in water permeability as capillary pores become blocked by gel 
product with the development of a finer pore system. 
Powers and Brownyard (1947) made a distinction between capillary 
porosity and gel porosity of hardened cement pastes and on the basis of 
this division found good correlation between the capillary porosity and 
permeability of the paste. Powers (1958) gives the permeability of the 
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cement gel as about 7 x 10 om/sec. Because cement paste consists 
of capillary pores as well as gel, and water can flow more easily through 
the capillary pores than the gel pores, the permeability of cement paste 
as a whole is 20 to 100 times more permeable than the gel itself. The 
permeability of cement paste also varies with both water/cement ratio 
and progress of hydration. Table 1.2 shows the reduction in per-
meability of cement paste of water/cement ratio 0.7 with the progress of 
hydration. 
Hancox (1968) thought that the flow space rendered ineffective was 
related to total porosity and was neither dependent on curing nor type 
of cement. 
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Robson (1965) postulated the 'unit pore flow' hypothesis. This 
involved a calculational procedure requiring repeated subdivision of the 
measured flow rates through hardened cement pastes, mortars and concretes, 
and from this deducing average pore flow with newly developed statistics. 
Robson deduced that permeability depends on the probability of continuous 
channels developing in mortars and concretes and is not a function of 
total porosity. But recently Nyame and Illston (1981) defined a porous material 
as perweable to fluids n0t because of its porosity but because of the extent 
of the continuity of the pores within its structure. His results 
shmled the t:l~xinuD v~luc of dv/dp (nercury intrusion porosioeter) ia used 
to locate a 'threshold radiu; and is called the 'primary continuous pore 
radius', because pores of this radius were primarily responsible for 
carry~ng waterflow in hardened cement paste. His results showed the 
nature of the variation of the primary continuous pore radius with 
hydration. 
Table 1.2 Reduction in permeability of cement paste with the progress 
of hydration (after Powers et a1. 1954 and ~eville, 1981). 
Age (days) Coefficient of permeability, k (m/s) 
Fresh 2 x 10-
6 
5 4 x 10-
10 
6 1 x 10-
10 
8 4 x 10-
11 
13 5 x 10-
12 
-I" 24 1 x 10 -
Ultimate 6 x 10-
13 (calculated) 
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1.4.1 MEASUREMENT OF WATER PERMEABILITY 
The permeability of cement paste to the flow of water may be 
determined under small or large head differences in many cases a fairly 
high water pressure (up to 1400 kNm2 or more) is used, and the rate at 
which water passes through the specimen determined (Lea 1980). 
Permeability tests at high pressure are most commonly made by a 
direct method involving cement paste cylinders in an apparatus which 
permits water under the required pressure to be fed to one side of the 
. 
speC1men and the water percolating through to be collected at the other 
side and measured. Alternatively, or additionally the rate of inflow of 
water may be measured. 
The specimen is usually sealed into a metal container with suitable 
watertight caps. The rate of flow is more rapid at the start, but 
decreases to a steady value after a few days depending on the dimensions 
of the specimen and other factors (Lea 1980). 
In the present work, the permeability of hardened cement pastes 
was measured with hydrostatic pressures on both sides of the specimen. 
This has the advantage that in such apparatus the specimen may be 
subjected to vacuum and any small quantities of air remaining will be 
compressed thus spurious effects on the permeability will be minimised. 
The difference between the upstream and downstream pressures was 
adjusted to give a suitable pressure difference for permeation. 
Powers 1947, 1954, 1959, McMillan 1929, Norton 1931, Dunagan et al. 
1934, Ruettgers 1935 and Cook 1951,used the direct method to measure 
permeability. This direct method requires the measurement of steady state 
inflow or outflow or both. The steady state method of measuring the 
permeability of hardened cement paste has been more recently described 
by Nyame and Illston, 1981. The method is based on the measurement of 
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the quantity of water that flows under a g~ven gradient through a 
specimen of known length and cross-sectional area in a given time. 
Inflow rates of water into the specimen were determined and used to 
calculate the permeability coefficient using Darcy's law. They 
neglected capillary heads in low pressure tests on specimens (Wiley 1937 
and McMilla~ 1929). 
Darcy's law, (see Appendix 1), originally formulated to describe 
the flow of water through a porous material, such as sand, has also been 
applied to the flow of gases through porous media (Muskat 1946). 
Darcy's law has subsequently been found to be valid for a wide variety 
of materials, including sand, clay, cement paste, mortar and concrete 
(Muskat 1937, 1947, Hansbo 1960, Olsen 1961 and Nyame 1980). Though 
Powers (1954, 1958) emphasised that deviations from Darcy's law can 
occur due to osmotic pressure caused by the difference in calcium hydroxide 
concentrations within the cement paste. In this work, Darcy's law has 
been applied to the flow of water through hardened cement pastes with 
varying proportions of the cement replaced by Fly ash or ground granulated 
Blastfurnace slag. Obviously, osmotic pressure could affect the values 
obtained but according to Powers (1954) the effects of calcium hydroxide 
are probably negligible. 
1.5 THEORETICAL ASPECTS OF THE RELATIONSHIP BETWEEN FLOW RATE, 
COEFFICIENT OF PERMEABILITY AND POROSITY 
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The problem is to find the value of the coefficient of permeability 
in Darcy's law in terms of the characteristics of the solid and the 
liquid. Studies of this problem have been pursued extensively from the 
theoretical point of v~ew and by the use of models to represent the 
porous medium (see Appendix 1). Extensive reviews of many of the models 
have been given by: Scheidegger 1974, Van Brakel 1975, Braester 1972, 
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CHAPTER TWO 
THE CHARACTERISTICS OF ORDINARY PORTLAND CEMENT, FLY ASH 
'') 
"'L., 
AND BLASTFURNACE SLAG AND MATERIALS USED IN THE PRE SENT WORK 
2.1 ORDINARY PORTLAi'ID CEMENT 
2.1.1 CHEMICAL COMPOSITION 
Portland cement is prepared by igniting a mixture of raw materials 
composed mainly of calcium carbonate and alumina silicates with a 
smaller proportion of iron oxide. Marls co~osed of chalk and clay, 
and shales are also common raw materials (Lea, 1980). 
The homogeneous mixture is burnt to form a clinker which 1S then 
ground to a powder. The clinker consists mainly of calcium silicates, 
calcium aluminates and calcium aluminoferrite. The proportions of 
these materials determines the type of cement produced. B.S.l2: 
1978 Ordinary Portland cement states that no addition of any other 
substance other than calci"m sulphate or water or the two together may 
be permitted after formation of the clinker. 
The standard chemical analysis for cements are described in 
B.S. 4550: 1970. The physical properties of Portland cements vary 
with type and constituents. The specific surface of Ordinary Portland 
2 
cement is required to be not lass than 225 m /kg. The specific 
gravity is usually becween 3.05 and 3.15 in paraffin. 
There are four major constituents of Ordinary Portland cement 
(:Jcvi11c 1981) 0 ~~csc arc trica1ciuD ~i1icat~ (3CaOoSiO~ 
abbreviation C3S), Dicalcium Silicate (2CaO.Si02 abbreviation C,)S), 
tetracalcium aluminoferrite (4CaO.A1 203 oFe 203 abbreviation C ... _\F) and 
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tricalcium aluminate (3CaO.A1203 abbreviation C3A). 
In addition to the major constituents there are mlnor constituents 
such as MgO, Ti02' Mn02' K20 and Na20. 
alkalis. 
Typical proportions of these major constituents obtained by 
Brunauer and Copeland (1964) using x-ray diffraction analysis on 
several samples of Ordinary Portland cement are shown in Table 2.1. 
Table 2.1: Main compounds of Ordinary Portland cement 
(after Brunauer and Copeland 1964) 
Name of compound Oxide Composition 
Tricalcimm silicate 3CaO.Si02 
Dicalcium silicate 2CaO.Si02 
Tricalcium aluminate 3CaO.A1203 







The chemical composition of the Ordinary Portland cement used ~n 
the present work is given in Table 2.2. 
The specification for Ordinary Portland cement ~s g~ven ~n 
B.S.12: 1978. The limitations of chemical composition are: the lime 
saturation factor is to be not greater than 1.02 and not less than 0.66. 
The factor is defined as: 
(CaO) - 0.7(S03) 
where the symbols in brackets denote the percentage by weight of the 
given compound present in the cement. 
Table 2.2: Chemical composition of Ordinary Portland cement used ~n 
present investigation. 
Oxide Content (weight) per cent 
CaO 63.2 
Si02 19.9 






Free lime 0.90 
Further requirements of B.S.12: 1978 for the chemical composition 
of Ordinary Portland cement are that the magnes~a content does not 
exceed 4.0 per cent and that the ratio A1 203/Fe203 is not less than 
0.66. In addition, the insoluble residue, determined by treating 
with hydrochloric acid, (a measure of the adulteration of the cement, 
largely arising from impurities in the gypsum) must not exceed 1.5 
per cent and the loss on ignition must not exceed 3 per cent in 
temperate climates or 4 per cent in the tropics. The amount of 
gypsum added to cement clinker is usually expressed as the weight of 
S03 this 
. limited by B.S.12: 1978 to a maximum of 2.5 present, ~s 
when the C3A content 
, 
not more than .... cent and 3.0 per cent ~s / per 
4!.. 
per cent when the amount of C3A exceeds 7 per cent, Hence. the Ordinary 
Portland cement used in this work (A1 203/Fe 203 = 3.05; lime saturation 
factor = 0.9) was of good quality. 
2. 1.2 HYDRATION OF ORDINARY PORTLAND CEMENT 
Many workers have investigated the hydration of ordinary Portland 
cement and the process is now well understood and documented (Lea, 1980; 
Taylor, 1964). 
The main cementing components are the two calcium silicate phases, 
and the calcium aluminate and calcium aluminoferrite phases. 
When cement is mixed with water, hydration reactions take place 
ultimately producing complex hydrates which may form a coherent solid 
structure and bind the inert components of the cementitious mixture. 
During the first few minutes of hydration of Ordinary Portland 
cement, most of the CaO and CaS04 dissolve quickly until saturation 
occurs, and some Ca(OH)2 may precipitate as hexagonal crystals. The 
CaO:Si02 ratio of the solid phase at lime solution near saturation is 
greater than 1.5:1 (Lea, 1980). In the later stages of hydration, 
'Ca(OH)2 and CaS04 attack silica, alumina and ferric oxide producing 
complex hydrated compounds such as calcium silicate hydrates, calcium 
aluminate hydrates, calcium sulpho.aluminate hydrates and calcium sulpho 
aluminoferrite hydrates. Some free Ca(OH)2 will remain in the hydrated 
products (Copeland et ale 1964 and Taylor, 1964, give fuller discussion). 
Th~ reactions and r~te of reaction durinc the hydration of 
Ordinary Portland cement at ordinary temperature are represented 
schematically in Table 2.3. 
2.1.3 PHYSICAL CHARACTERSITICS OF ORDINARY PORTLAND CEMENT 
The physical properties of Ordinary Portland Cement used in the 
present work and obtained from the Association of Portland Cement 
Manufacturers Limited are given in Table 2.4. The accepted data for 
the particle size distribution of the cement used in the present work 
is given in Figure _.1 (after Card 1981). 
Table 2.3: Hydration of Ordinary Portland Cement (After Lea, 1980). 
( 6-form) 3CaO.Si02 
SLOW MODERATE 
2CaO.Si02 ·aq 3CaO.Si02 · aq / 
II 
Ca(OH)2 + calcium silicate hydrate gel (CaO~Si02' about 1.5) 
incorporating some A1 203, Fe 203 and S03 
IlIa 1 
CaO-Si0 2-H20 (CaO:Si02J 1.5-1.8) containing A1 203 
! 
More crystalline product 
IV 1 immediate 
1 
Hexagonal plate solid solution 
3CaO.A1203 .Ca( S04' (OH)2)·aq 
4CaO.A1 203 ·Fe203 + CaS04 ·2H20 
+ Ca(OH)2 
IVa 1 quick 
Needles of solid solution 
V ! 
Hexagonal plate solid solution 
3CaO.(A1203 , Fe203)·CaS04 ·aq 
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and/or 3CaO. (A1 203 , Fe 203) .Ca(S04' (OH) 2).aq 
/ 
VI 
·d 1 J Hexagonal plate sol~ so ut~on 
3CaO.(A1 203 ) Fe 203) .Ca(S04' (OH)2' Si03) .aq 
and possibly 
4CaO.(A1 203 , Fe 203)·aq 
with also hydrogarnet phase containing alumina, ferric oxide and silica. 
4/ 
Table 2.4: Physical properties of Ordinary Portland cement used in the 
present investi~ation. B.S.12 Physical Test Results 
Setting Times 
Water io 25.25 
Initial (mins) 150 
Final (mins) 175 
Fineness 
2 Specific Surface em /kg) 325 
Specific Gravity 3.11 
Expansion (mm) Nil 
? Compressive Strength (MN/m-) 
B.S.12 concrete 3 days 21.1 
7 days 29.9 
28 days 41.0 
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Figure 2.1 The particle s~ze distribution of the cement used ~n 
the present investigation (after Guner, 1978 and 
Card, 1981). 
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2.2 FLY ASH 
2.2.1 DEFINITION 
Fly ash mixed with pure water shows no hydration products and 
virtually no cementing activity. However, it possesses the characteristics 
of a pozzolana (a substance which combines with lime in the presence of 
water to produce solids with cementing properties), as such it is probably 
the most common artificial pozzolana. The material is produced ~n 
modern boiler plants such as in power stations and is the finely divided 
residue arising from the combustion of powdered coal. The coal ~s 
pulverised in mills of various types prior to combustion and then in-
jected into the furnace at high speed in a stream of hot a~r. It is 
b · 1 .. 15 0 + urnt ~nstantaneous y ~n suspens~on at a temperature range of 00 C -
2000 C. The minerals present in the coal undergo both physical and 
chemical change, for example pyrites is converted to oxides of iron and 
clay transformed to glass spheres of complex aluminosilicates. 
About 75-85 per cent of the resulting ash is carried out of the 
furnace with flue gases and is known as Fly ash. The Fly ash is 
removed by a series of mechanical and electrostatic precipitators before 
the gas ~s discharged into the atmosphere. The remaining ash falls to 
the bottom of the furnace where it sinters to form a coarser material 
known as furnace bottom ash. 
2.2.2 CHEMICAL COMPOSITION OF FLY ASH 
The composition and properties of Fly ash depend both on the coal 
burnt and the efficiency of the combustion process so that the qualities 
of the material from different power stations or from the same station 
but at different times can vary widely. The composition of the ash 
approximates to that of a burnt clay and is high in alumina and iron 
oxide but can vary widely depending on the type of coal burnt and the 
... 
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efficiency of the combustion process as illustrated by the data ~n 
Table 2.5. The major constituent, some 60 - 90 per cent, ~s a glass 
with quartz (Si02), mullite (2Si02 , 3 A1 203), haematite (Fe 203) and 
magnetite (Fe 304) as the more important crystalline components. A 
number of minor constituents including lime (CaO) , anhydrite (CaS04) 
and gypsum (CaS04 .2H20) have also been identified (Simons and Jeffery, 
1960). 
Table 2.5: Percentage composition of some artificial pozzolanas 
(Lea, 1980) and the Fly ash used in the present vlOrk 
Pozzolana Si02 A1 203 Fe203 CaO MgO Na2O+ S03 
K20 
Burnt clay 58.2 18.4 9.3 3.3 3.9 3.9 1.1 
Burnt clay 60.2 17.7 7.6 2.7 2.5 4.2 2.5 
Spent oil shale 51.7 22.4 11.2 4.3 1.1 3.6 2.1 
Raw gaize 79.6 7.1 3.2 2.4 1.0 0.9 
Burnt ga~ze 88.0 6.4 3.3 1.2 0.8 trace 
Raw moler 66.7 11.4 7.8 2.2 2.1 1.4 
Burnt moler 70. 7 12.1 8.2 2.3 2.2 1.5 
Raw diatomite 
(U.S.A.) 86.0 2.3 1.8 trace 0.6 0.4 
Burnt diatomite 
(U.S.A.) 69.7 14.7 8.1 1.5 2.2 3.2 
Fly ash (U.S.A.) 47.1 18.2 19.2 7.0 1.1 3.95 2.8 
Fly ash (U. S .A. ) 44.8 18.4 11.2 11.6 1.1 3.14 2.0 
Fly ash (Britain) 47.4 27.5 10.3 2.1 2.0 5.7 1.8 
Fly ash (Britain) 45.9 24.4 12.3 3.6 2.5 4.2 0.9 
Fly ash used in 
















The glass is the active material in Fly ash, the mineral cons~s-
tuents being mainly inert. The value of the ash as a pozzo1ana depends 
therefore on its glass content, though fineness and composition are also 
important. However, there is no general correlation between these 
parameters and the ash's contribution to strength development. 
Increasing Si02 , or Si02 + A1 203 content seems to have a favourable 
influence on the pozzolanic value. There is a British standard (B.S. 
3892:1965) for Fly ash which classifies the material into three fineness 
2 
zones, 125-275, 275-425, and above 425 m /kg. This standard requires 
that the MgO content is limited to 4 per cent (the Fly ash used in this 
work had an MgO content of 1.8 per cent). The S03 content is limited 
to 2.5 per cent and the loss on ignition to 7 per cent. The A.S.T.M. 
specification (C6l8-78) requires a minimum specific surface of 6500 cm2/ 
cm
3 
and limits the S03 content to 5 per cent and the loss on ignition to 
12 per cent. The sum of Si02 + A1 203 + Fe203 must be at least 70 per 
cent. For Fly ash used in this work the sum of Si02 + A1 203 + Fe203 
was equal to 88.0. On this basis the Fly ash used was of good quality. 
Fly ash used in this work was from Fiddlers Ferry source. 
2.2.3 SPECIFICATION 
Many developed countries have standard specifications for pozzolanas 
for use in concrete (Smith, 1975), and a good proportion of these 
standards recognise Fly ash as a useful artificial pozzolana. 
Fly ashes often may be cheaper than the Ordinary Portland cement 
that they may be used to replace but their chief advantage lies Ln 
their slow hydration and, therefore, their low rate of heat 
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development. Other advantages are that addition of Fly ash may 
improve workability due to the rounded nature of the ash particles and 
also Fly ash may improve the durability of mixes. A.S.T.M. standard 
C595-79 describes a Portland-Pozzolana type cement as Type IP, and limits 
the Fly ash content to between 15 and 40 per cent of the weight of the 
mixture. In the present work between 5 and 80 per cent of Ordinary 
Portland cement was replaced by Fly ash. 
Partial replacement of Ordinary Portland cement by Pozzolana has 
to be carefully defined because the specific gravity of Pozzolana is much 
lower than that of Ordinary Portland cement; for instance, the specific 
gravity of Fly ash may be 1.9 - 2.7 compared with typically 3.15 for 
Ordinary Portland cement. Thus replacement on a weight for weight 
basis results in a considerably greater volume of available cementitious 
material for a given weight of the mix. Because the continuing formation 
of hydrates fills the pores and also because of less free lime which 
could be leached out, partial replacement of Ordinary Portland cement 
by pozzolana reduces the permeability of paste (Higgison 1966 and Lea 
1980). This lower permeability and lack of free lime improve the 
durability. 
The hydration reaction for Fly ash is between the calcium hydroxide 
produced during Ordinary Portland cement hydration, and the alkali 
soluble silicates or "glass" content of the Fly Ash. The reaction 
mainly depends upon the hydration characteristics of the Ordinary Portland 
cement, its calcium hydroxide content, the temperature during the progress 
of reaction, the particle size, and the "glass" content of the Fly ash. 
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As hydration progresses, and this depends on the availability of 
water and the temperature at which the reaction takes place, the 
alkaline solution becomes progressively more concentrated, 
particularly as the hydration is a self-desiccating process. In 
general terms, the pozzolanic reaction is produced by this progressive 
concentration of the alkaline solution and the Ca(OH)2 reacting with 
the "glass " content of the Fly ash to form more gel. Thus the smaller 
the particles and the greater the "glass" content of Fly ash, the 
greater will be the volume of gel produced, thereby transforming the 
weak and soluble Ca(OH)2 into a gel product. 
2.2.4 CHARACTERISTICS OF FLY ASH 
2.2.4.1 COLOUR 
Colour variations within and between different power stations can 
be from a light grey to black (Dunstan and Mitchell 1976). A method 
for assessing the colour variation of Fly ash has been developed by 
Spencer (Owens 1978) using the Munsell/Lovibond coding system. 
The Fly ash used in the present work was lieht grey. 
2.2.4.2 CHEMICAL COMPOSITION 
In addition to methods of chemical analysis, the actual 
composition can be determined by microscopic examination of the powder 
and the identification of species by measurement of the refractive 
index. Polished and etched sections can also be studied both in reflected 
and transmitted light. Other methods include the use of X-ray powder 
diffraction to identify or study the structure of the crystalline 
-
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phases, and differential thermal analysis (Lea 1980). 
Another development in the present work was the use of the electron 
microscope and electron probe microanalysis which allows estimation or 
the composition of the material under examination. This method was 
used, to estimate the elemental composition of cement pastes containing 
the various proportions of Fly ash used in the present work, and the 
results are shown in Table 2.6. The equipment was located at Birkbeck 
College. 
Table 2.6: Elemental composition (% by weight) of cement pastes 
containing Fly ash. 
per cent Fly ash in mix 
Component element (*) 20 40 60 
Si 22.6 31.0 38.0 
Ca 60.0 50.0 36.0 
Al 8.0 11.0 14.5 
Fe 2.3 3.0 4.6 
S 2.3 1.5 2.0 
K 2.7 2.0 2.5 
Mg 2.0 1.4- 2.3 
(*) only these elements were assumed to be ?t"esent and figures 
have been adjusted to total, 100 per cent approximately. 
2.2.4.3 PHYSICAL PROPERTIES 
The particle size distribution of the Fly ash used is given i~ 
Figure 2.1. 
Particle shape: Fly ash is a unique po~der granulate because or 
the characteristic spherical shape of the ~ajority of the particles. 
In the coarser fraction from 300 to 45 microns, most of the particles 
are porous and black (Owens 1979). Figure 2.2 shows an elect:-on 
micrograph of a sample or the :ly ash used in this work. 
Density: the density of Fly ash var1es both with particle S1ze 
(e.g. residue greater than 45 microns) and loss on ignition (Owens, 1979). 
The density of the Fly ash used was 2375 kg/m3 . 
Figure 2.3 shows the compressive strength of cement pastes at 270 
days of hydratioQ prepared by the present investigator at a water/cement 
ratio of 0.4 as a function of the percentage (by weight) of the cement 
replaced by Fly ash. Each ?oint represents the average of five results 
of compressive strength of cylindrical specimens 38.1 rom diameter 
80 mm high, reproducibility better than ~ 3 per cent. 
This data is in good agreement with Neville (1981) and Lea (1980) 
and so the Fly ash replaced cement studied in the present investigation 
was quite normal. The reason for the falling of compressive strength 
for cement pastes containing more than 40 per cent Fly ash (at all ages) 
is that the Ordinary Portland cement cannot supply enough lime to allow 
all the Fly ash to become hydrated. 
2.2.4.4 DURABILITY 
Fly ash is often used as a pozzolana to improve durability (Lea, 
1980); particularly where there are requirements for lower permeability 
(this will be discussed in more detail in Chapter Five of this work), 
greater sulphate and acid resistance or reduced alkali aggregate reaction 
(Lea, 1980). 
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Figure 2.3 Effect of Fly ash replacement of cement on compressive 
strength of pastes at age 270 days (cured unde~ water ) 
0.4 water/cement ratio . 
2.3 BLASTFURNACE SLAG 
2.3.1 DEFINITION 
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Blastfurnace slag is formed in the process of iron manufacture from 
the fusion of limestone with ash from coke and the siliceous and 
aluminous residue remaining in the ore after the reduction and separ-
ation of iron. The composition of the slag varies ~ith the kind of 
iron being made and the type of are being processed, but usually ranges 
from about 0.3 - 1.0 tons per ton of iron (Lea, 1980). The essential 
components of Blastfurnace slag are the same oxides as are present in 
Ordinary Portland cement, namely lime, silica and alumina, but their 
proportions are different. 
~o hydration products can be observed when ground granulated Blast-
furnace slag is placed in water. However, Blastfurnac2 slag can produce 
a cementitious material, if it is mixed with Ordinary Portland cement. 
The hydration of a Blastfurnace slag/Ordinary Portland cement mix is 
complex but there seems little doubt that the Ordinary Portland cement 
grains in such a mix generally hydrate in the manner described previously 
(Section 2.1.2). The hydr3tion of the Blastfurnace slag results from a 
reaction uith the calcium hydroxide liberated from the Ordinary Portland 
cement in the presence of water at ordinary temperature. 
2.3.2 CHEMICAL COMPOSITION 
The slag used Ln this work was ground granulated Blastfurnace slag, 
obtained from Scunthorpe, U.K., and marketed under the trade name Cemsave. 
This is produced by pouring the hot molten slag into a stream of water 
so as to cool it very rapidly and is then ground to a fineness similar 
to that of Ordinary Portland Cement. 
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The probable assemblages of minerals formed by the four major 
constituents CaO, Si0 2 , A1 203 and MgO in the range of proportions 
characteristic of slags, cannot be predicted with certainty from phase 
equilibrium diagrams because the quaternary system has not yet been 
completely elucidated. Estimates which have been made are, however, 
in reasonably close agreement with the results of microscopic studies 
on thin sections, or polished and etched surfaces of slags (Nurse and 
Midgley 1951). 
The composition of slags can vary over a wide range depending on 
the nature of the ore, the composition of the limestone flux, the coke 
consumption, and the kind of iron being made (Lee 19i~). These 
variations affect the relative contents of the four major constituents 
and also the amounts of the minor components, sulphur in the form of 
sulphide, and ferrous and manganese oxides. The analysis or 
Blastfurnace slag used in the present work is given in Table 2.7. 
Table 2.7: Chemical composition of Blastfurnace slag specified by 
Scunthorpe U.K. and used in the present investigation 











Free lime 0.12 
Z.3.3 SPECIFICATION 
There are various standards for Blastfurnace slag (Lea 1980). 
I. DIN 1164 (German- Standard): 1967 requires that 
I = 
CaO + MgO + AlZ03 
> 1 
II. The Keil index, Ik defined as: 
CaD + CaS + O.5MgO + Al203 Ik = ------------=:......:. 
Si0 2 + MnO 
The Blastfurnace slag is said to be 
'usable' if Ik > 1.5 
'good' if 1.5 < Ik < 1.9 
III. Langavant Index of quality, IL, defined as: 
IL = ZO + CaO + AlZ03 + O.5MgO - 25102 
The quality is 
'inferior' if IL < 1Z 
'very good' if IL >16 
60 
The Blascfurnace slag used in the present work had values 1=1.87, 
Ik = 1.82 and IL = 13.1. 
quality. 
On this scale of standards it is of good 
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Standards also exist for Ordinary Portland cement and granulated 
Blastfurnace slag mixtures depending on the amount of granulated 
Blastfurnace slag present. Thus B.S. 146 : 1973 Ordinary Portland 
cement and granulated Blastfurnace slag mixtures, permits the 
proportion of Blastfurnace slag to be up to 65 per cent of the weight 
of the mixture. In the U.S.A.(A.S.T.M. C595-79), permits the 
granulated Blastfurnace slag content to be from 25 to 65 per cent. In 
Germany two varieties are specified (DIN 1164) namely, Eisenportland 
cement, containing not more than 40 per cent, and Hochofen cement, 
from 41 to 85 per cent granulated Blastfurnace slag. In France, 
Ciment de Fer contains 25 - 35 per cent granulated Blastfurnace slag, 
Ciment Metallurgique Mite 45 - 55 per cent, Ciment de Haut Fourneau, 
65 - 75 per cent, and Ciment de Laitier au Clinker at least 80 per 
cent (Lea 1980). In the present work, between 20 and 97 per cent of Ordinary 
Portland cement was replaced by granulated Blastfurnace slag. 
2.3.4 CHARACTERISTICS OF BLASTFURNACE SLAG 
Slag may be regarded as a mixture of supercooled liquids. It is a 
characteristic feature of silicate melts that on rapid cooling from 
the liquid state they tend to form a glass. When a powdered 
granulated Blastfurnace slag is examined on a microscope slide by 
transmitted light, the glass is seen to consist of clear isotropic 
transparent grains (Lea 1980). Figure 2~4 shows an electron 
micrograph of the Blastfurnace slag used in the present work. 
Less perfectly granulated Blastfurnace slags may show brown or 
black zones of incipient crystallisation or even birefringent 
crystalline areas under polarised light (Lee, 1974). 
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The Blastfurnace 
slag used in the present work was of dove white colour. 
Electron probe microanalysis was used to estimate the elemental 
composition of cement pastes containing varying proportions of the 
Blastfurnace slag and is shown in Table 2.8. 
Table 2.8: Elemental compositions (% by weight) of cement pastes 
containing Blastfurnace slag used in the present investigation. 
Component element (*) per cent of Blastfurnace slag . . l.n 1lll.X 
70 80 95 97 
Si 25.0 26.6 31.5 32.2 
Ca 57.3 52.9 43.4 41.3 
Al 6.6 10.7 12.0 12.6 
Fe 1.4 1.7 0.4 0.2 
S 0.6 2.1 2.3 2.4 
K 2.1 0.6 0.9 o I. ...... 
Mg 6.9 5.3 9.4 10.8 
(*) Only these elements hav~ been assumed to be present and 
figures have been adjusted to total, 100 per cent approximately. 
The particle size distribution of the Blastfurnace slag supplied by 
the manufacturer likewise is given in Figure 2.1. 
Figure 2.5 shows the compressive strengths of cement pastes prepared 
at a water/cement ratio 0.4 as function of the percentage of cement 
replaced by BI.:l~tfurnace GI<l~ (by uei~ht) . f.s for the Fly ash results rep-
resented in Figure 2.3 the plotted points are average of five determination. 
For replacement levels of Ordinary Portland cement by Blastfurnace slag 
of less than 20 per cent, there is little effect in the compressive strength. 
Above 10 per cent the compressive strength increases gradually with 
increasing Blastfurnace slag replacement up to 70 per cent. Above 80 
per cent the compressive strength decreases sharply with increasing 
Blastfurnace slag replacement. Such a result is to be expected on the 
basis of Lea (1980). 
Density: the density of Blastfurnace slag used In this work was 
3 2900 kg/m . 
.... 
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Figure 2.5 Effect of Blastfurnace slag replacement Of cement on 
compressive strength of pastes at age 270 days (cured 
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3 .1. 1 Am OF THE EXPERll1ENTAL WORK 
The a~m of the experimental work was to investigate the effects of 
varying proportions of Fly ash or Blastfurnace slag replacement of 
Ordinary Portland cement on total pore volume, pore size distribution and 
permeability of the resulting pastes. 
As discussed in Chapter 1 (Section 1.3) it has been essential to 
monitor the bleeding characteristics, in order to avoid channel formation 
and to reach the important decision of employing 0.3 and 0.4 water/cement 
ratios. Otherwise the porosity could have been seriously affected. 
The details of the apparatus are given in this chapter. 
For the composition and characteristics of the original material 
(Ordinary Portland cement, Fly ash and Blastfurnace slag) refer to 
Chapter 2. 
Compressive strengtn tests, already discussed in Chapter 2 have been 
included to ensure comparability between the cement pastes tested in the 
present investigation and those of other investigations. 
Porosity and permeability properties like other properties of 
cement are affected by the age of samples which implies a considerable 
amount of data a large proportion of which has been reserved for Chapt2r 
4 or included in Appendix 3. 
3.1.2 RANGE OF CEMENT ? ASTES TESTED 
Cement pastes prepared at 'N'ater/cement: ratios of 1).3 and 0.4 -·a::-:. 
j-80 oer cent ?11 ash replacement ar :0-97 ?e= :ent: 3last:u~ac~ 
renlacement ~ere :esteci at 1ges ~et~een 3 and ~60 davs e=om ~ix~~g. 
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3.2 !EST ?ROCEDURE 
3 .2 .1 :1IXI~{G, CURING AND PREPARATION OF SAMPLES 
3atches of cement ?aste were mixed and cast at room ~ t 
. _2!!lpera ure. 
A. standard amount, 3 kg of cement (Ordinary Portland cement ?lus :"'-y 
ash or Blastfurnace slag) and the required amount of deaired deionized 
~ater ~ere ~eighed to an accuracy of O.lg. The dry cement powder 
(Ordinary Portland cement plus Fly ash or Blast!urnace slag) ~as then 
:ni:ted in a Hobart AE125 mixer for a standard time of 10 minutes. Water 
was then added and the standard procedure adopted for all batches was 
to mix for a further 4 minutes, and then remix the paste after 1 
minute to prevent false set. 
The mixture ~as cast into the moulds in t~o layers whilst they 
were gently ~ibrated on a vibrator to allow any trapped air to escape. 
The period of vibration was standardised as 5 minutes after the mould 
had been completely filled. Ten specimens were cast from each batch. 
The moulds ~as covered ~ith damp paper and kept in high humidity room. 
Tne samples ~ere demoulded 24 hours after casting. To facilitate 
demoulding, the inner surfaces of the moulds ~.;ere lightly oiled prior 
to casting. The specimens were then stored under deionised water in 
sealed boxes or bottles until required for testing. 
Samples for pore size distribution and steady state water 
permeability measurements ~ere cut from the specimens, using a diamond 
saw. The samples were kept wet throughout the cutting process, by 
dripping water from a reservoir onto the specimen. 7he top 20mm of 
each specimen was discarded and a middle portion lSmm thick ~as used 
for the measurements. 
~e sam~les to .... sted to determine :he total porosities ~er2 Jroke~ ~U ~ 
into fragments or approximately 1 gram ~ith shar? hammer. :~e 
':-a~ents ',Jere sur::ace dried r..;i :hJ.amp. ~issue ..... -'aper, o;.;ei,sheci :~ ~:1 
...... 5~ 
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to constant ~..;eight which normally took at least 3 days. 
densities of the samples were determined rrom :~e apparent 'lolume 
measured (to an accuracy of 0.1 c.c.) using the ~ercurJ displacement 
volumeter. 
For the pore size distribution measurements, a ?o~tion of the oven 
dry sample was broken into fragments. A fragment weighing betwe~ 
0.5-l.0g was selected and weighed to an accuracy of O.Olg and then tested 
with Carlo Erba 200 mercury intrusion porosimeter. 
The compressive strength tests were carried out on 38 .1 mm diameter 
80mm high specimens obtained from the water cured samples by cutting off 
the top 20mm with a diamond saw. An INSTRON 1195 testing machine was 
used for these tests. 
3.2.2 APPARATUS AND TEST PROCEDURES 
3.2.2.1 THE BLEEDING TEST 
The subsidence of the surface of the solids of the setting cement 
paste was measured using a float which was seated on the subsiding 
solids surface. The movement of the float was followed using a 
cathometer and/or a non contacting displacement transducer. The 
apparatus shown in Figure 3.1 was designed and built in King's College 
for Jefferis, 1972. The cement paste was poured into the l25mm 
diameter container of the bleeding apparatus and was trimmed with a 
straight edge to obtain a level surface. The surface was then flooded 
with a 10mm layer of water and the float was lowered onto the solids 
surface. The first reading was taken 2 minutes after the cement paste 
was placed. 
The bleeding apparatus was placed on a horizontal shelf fixed to 
a solid wall in order to minimise the effects of vibration. 
The output from the displacement transducer could be automatically 
recorded and the surface settlement could be followed to a precision of 
+ . 
- 10 m~crons. 
The results obtained with this equipment have been given ~n 
Section 1.3 of this thesis. 
U :V-'~-1 lli It 1,""-' / -r----\ 
i ~ 




~~;'~~~t---- ~198mn --- --. /'i// ~--~-------.-t' . :./. / / 
FLOOO:NG 
WATER ' --.. 
"FLOAT \} ----~-~, or ' ~~-~~~~~~~--n,L 
. I E ...... 
(. • I - ~ 
/ ~N __ ~ 





. N [' 
I 
. 




',' I" , .' . , .\.', ' " . 
. , . 
, '. '. 
Figure 3.1 The apparatus for the measurement of 31eed~~g 
(after Guner, 1978) 
69 
70 
3.2.2.2 PORE SIZE DISTRIBUTION 
3.2.2.2.1 APPARATUS FOR PORE SIZE DISTRIBUTION TEST 
The instrument used to measure the pore size distribution of the 
cement pastes was a Carlo Erba 200 series mercury porosimeter as shown 
in Figure 3.2. 
The maximum pressure that could be obtained was 2000 kg/cm2 . This 
corresponds to pore radius of 37 Angstrom assuming the surface tension 
of mercury to be 480 dyne/cm and contact angle 140 0 • 
A dilatometer was used to measure the intruded volume. The 
dilatometer used had a capillary 3 mm in diameter, and the maximum 
intruded volume that could be measured with it was 0.665 3 cm • 
The measuring unit consisted of a small autoclave containing the 
dilatometer. To measure volume changes a fine rod was inserted into 
the capillary stem of the dilatometer so as to make electrical contact 
with the mercury , the rod could be moved by a screw drive connected 
to a stepping motor. 
In operation, when the pressure is increased and intrusion iato 
the sample occurs thus causing a lowering of the mercury level in the 
calibrated stem, the rod loses contact with the mercury, which causes 
the motor to start and drive the rod down to re-establish the 
rod/mercury contact. At the same time an electronic system provides a 
signal for external recording. The necessary pressure is produced by 
a pressure multiplier consisting of a differential system with two 
pistons, a low and a high pressure piston with an area ratio of 100:1 
(Figure 3.3). The low pressure piston is actuated by oil, drawn :roc 
a reservoir by means of a low pressure pump. The high pressure piston 
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transfers the pressure to the ~ercu~' by ~eans or alcohol as an 
intermediate fluid. 
The instrument is also equipped with t~o independent safety 
devices. (i) A pressure indicator stops the pump when ~he oil 
pressure rises above a preset pressure value and (ii) an electric 
contact stops the motor when the mercury level in the dilatomet:r 
drops below the maximum displacement of the rod. 
The output from the instrument is fed to an electronic char: 
recorder, which effectively records the mercury level as a function of 
the pressure in the system. 
3.2.2.2.2 MEASUREMENT OF PORE SIZE DISTRIBUTION 
For the measurements of the pore size distribution or the cement 
paste, a ~eighed fragment from the oven dry sample (see Section 3.2.1) 
was placed in the dilatometer, mounted on the filling device ( a 
special piece of ap?aratus used to de-gas the sample and :i11 the 
dilatometer with mercury) and evacuated for a ~nimum of 30 minutes 
-2 
using a Speedivac ningle stage high vacuum pump (or less than 10 torr). 
At the conclusion of ~he evacuation, the dilatometer was filled with 
mercury while under vacuum. It was found that air bubbles trapped ~n 
the tube linking the mercury reservoir to the dilatometer tended to be 
drawn by suction into the dilatometer at the initial stage of opening 
the mercury release valve on the filling device. To overcome this 
source of error, it was necessary to admit the mercury into the dilato-
meter in two stages. First, a few drops of mercury were admitted into 
the dilatometer until a slight kick of the pointer of the vacuum gauge 
could be observed, which indicated the release of the trapped air into 
the dilatometer. 
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The mercury release valve was then closed and the di~atometar 
evacuated for a further five minutes before the :inal filling ~as 
done. The dilatometer was then placed in the autoclave of t~e 
porosimeter, the system assembled filled with alcohol and sealed :~r 
the start of the run. 
The digital voltmeter (used to indicate the volume of the mercury 
which penetrates the pores of the sample as a function of pressure) on 
the instrument and the strip chart recorder were zeroed and calibrated 
to read an appropriate maximum volume and the full scale pressure of 
2000 kg/cm2 before each run. Once a run was started the printing and 
plotting of the pressure-volume data were automatic and each run took 
auproximately 90 minutes to complete depending on the porosity of :he 
sample and the delay timer setting (this timer set the interval 
bet~een the steps in which the pressure was increased). 
It was necessary to correct the results for the compressibility or 
. 
the mercury and the system. A blank run performed without a sample in 
the 3mm bore dilatometer showed that the change in volume or the 
3 
mercury and the system reached 0.0339 cm (average of four separate 
2 tests) at 2000 kg/cm as shown in Figure 3.4. 
Cement pastes are also compressible and a correction should be 
made for this. However, as there is no accepted way at present of 
ascertaining the absolute compressibility of the solid part of cement 
paste no correction could be made. Winslow and Diamond (1970) 
stated that typical values of the compressibilities of most reason-
ably strong solids would suggest that the volume change from 0 to 
1000 kg/cm2 would be in fact negligible in comparison with the volume 
of mercury intruded into cement paste. 
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For the analysis, the total volume or mercu~l intruded ~as di7ided 
into 36 intervals corresponding to particular fixed pressures. ~is 
method of ~nalysis enables a good resolution of the differential ~ore 
size distributions to be obtained at the pore sizes at which 
substantial amounts of mercury flow into the samples. 
.... - .. 
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3.2.2.3 WATER PERMEABILITY 
3.2.2.3.1 APPARATUS FOR MEASUREMENT OF WATER PERMEABILITY 
The permeameters for this work had to be specially designed as no 
suitable commercial instruments were available which could cope with the 
very small permeability of cement paste. The design drawing of 
the permeameters used are given in Figure 3.5. 
The basic cell comprises a brass cylindrical body and two brass 
end plates. Each cell is fitted with a Urethane rubber jacket. An 
advantage of the jacket design is that the membrane can be reused and 
has a long life under operating conditions also the Urethane jackets 
are standard laboratory equipment used in the triaxial testing of rock. 
The brass end plates are clamped on by six tie bars, and the ends 
of jacket are thus clamped to the top of the cell. 
The sample is placed between two porous end platens made from a 
mortar containing a single sized fine aggregate. When testing a specimen 
of cement paste for water permeability, it is important to eliminate 
leakage past the wall of the specimen by applying a sufficiently high 
confining pressure to the membrane to seal it to the wall of the spec1men. 
To prevent damage of the Urethane membrane, it is essential to ensure 
the total length of inserted sample is the same as the length of the 
membrane. Any small gap can result in the membrane tearing due to high 
pressures with contamination of the system by mercury and hydraulic oil 
which is extremely inconvenient. 
Before assembling the thirteen cells (five cells for 38.lmm diameter 
spec1mens and eight for 60.8lmm) that were required for the full test 
programme one cell was made up as a prototype. The cell was connected 
to a standard laboratory pressure control panel as shown in Figure 3.6 
and the flow from the sample monitored with a commercial Kerosene/water 
volume change gauge as shown in Figure 3.7. 
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For the first test a 38.1 solid steel cylinder was tested in the 
cell with deaired deionised water at permeation pressures of 310, .... irJ, 
and 620 kN/m2 with a back pressure 100 kN/~2 and a series of conf:ni~g 
pressures. At confining pressures of 930 ~~/m2 and above no flow "..las 
measured and it was. concluded that a pressure of at least ~hi3 
magnitude would be required to prevent leakage at the wall of the 
sample when testing the cement pastes. 
A general view of the permeameters and flow control system is 
shown in Figures 3.8 and 3.9. Because of the very sensitive volume 
measurements that were to be made the apparatus was installed in a 
temperature controlled room se·t at 20oe. All pressures are gauge pressures 
above atmospheric. 
3.2.2.3.2 MEASUREMENT OF WATER PERMEABILITY 
For the measurements of the water permeability of the cement 
pas~es, saturated samples 15 mID thick were placed in the permeability 
calls. 
To make a permeability test, the system was first emptied of all 
water by opening all ouclet valves. A vacuum was then applied to ~~e 
vacuum c.onnection and the .. entire system TN'as subjected to vaccum for 8 
hours using a Speedivac single stage high vacuum pump. wnen the 
system was exhausted the vacuum connection valve was closed, and the 
system was filled with deaired deionized Nater. The constant 
hydrostatic pressure was then applied, 410 ~~/m2 as loading pressur2 
,., 
and 100 kN/m~ as back pressure. The back pressure was used to 
minimize the effect of any :rapped air bubbles. The tests · ... -ere 
usually continued until the inflow. and out:low T..lere approximat2..? 
equal. During the period of observation the rate or flow was :leasured 
for at least two weeks r..li t h 4-5 readings made duri.ng this ?er:'oc.. 
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Figure J .6 Central pressure control panel. 
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Figure 3.7 Diagram of the Kerosene/~ater volume change gauge. 
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Figure J.8 A general view of the permeameters and flow control system. 
Figure 3.9 A general view of the permeametcrs and flow control system. 
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3.3 THEORETICAL Al1ALYSIS OF EXPERIMENTAL RESULTS 
3.3.1 THEORY OF PORE SIZE DISTRIBUTION ~ASUREMENT 
3.3.1.1 PORE RADII 
84 
The principle of the measurement of pore radii by mercury 
intrusion is based on the ~';ashburn equation: 
r = -2 Y cos e/p ( 3.1 ) 
where 
r = pore radius 
y = surface tension of mercury 
e = contact angle between the mercury and the wall of pore 
P = applied pressure. 
Reported values of the contact angle and the mercury surface 
tension are given in Section 1.2.2.1. 
If the applied pressure is P (kg/cm2 ) and the radius of the pore 
is r in Angstrom then assuming the mercury surface tension to oe 
480 dyne/cm and the contact angle to be 140°, it can be shown that: 
r = 75000/P ( 3.2 ) 
3.3.1.2 CUMULATIVE PORE SIZE DISTRIBUTION 
The total intruded pore volume that can be measured with the 
Carlo Erba 200 system is that at 2000 kg/cm
2
, the maximun applied 
pressure. For analysis this total volume of mercury intruded a£:er 
correction for the compressibility of mercury (using the data in 
Figure 3.4) was divided into 36 volumes at a series of standard 
pressures suggested by Midgley, 1979. This range of pressure ~as 
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selected to enable good resolution of the pressure-volume data 
determining the pore size distribution of typical cement pastes. 
The cumulative pore size distribution is the su~ of all volumes 
intruded at pressures up to a given pressure. The volume intruded at 
the maximum pressure of the instrument is referred to as the total 
intruded pore volume. For convenience the cumulative pore size 
distribution is generally plotted as a function of log r. 
Typical plots of pressure-volume data are given in Figures 3.10 
and 3.11. These were obtained directly from the strip chart recorder. 
The vertical axis represents the volume penetrated and the horizontal 
axis, the pressure at which penetration occurs. The pressure scales 
2 have two ranges; 0-200 kg/cm on the lower portion of the plot and 
200-2000 kg/cm2 on the upper portion of the plot. 
A typical plot of a cumulative pore size distribution is given in 
Figures 3.12 and 3.13. The summation to give the cumulative volume is 
logically carried out from the largest radius (int=uded under the 
least pressure), downward to the smallest that can be intruded. The 
minimum size is set by the maximum pressure capacity of the 
instrument. The volumes are usually expressed as volumes per gram ~f 
dry material tested. In order to convert the experimental data to a 
suitable form, each cumulative intruded volume measurement was divided 
by the total intruded pore volume of the sample concerned. The data 
is thus expressed as the percentage cumulative pore size dist~ibution, 
normalized to 100 percent of the volume present. 
3.3.1.3 PORE SIZE DISTRIBUTION 
Ritter and Dark 1945 and Orr 1970, plotted the pore size 
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distribution function given below: 
Dv(r) = dV/dr ( 3.3 ) 
where 
The total volume of all pores having radii between rand r+dr is 
dV, and Over) is volume pore size distribution function defined as the 
pore volume per unit interval of radius. 
Then 
Differentiation of Equation 3.1, assuming constant Y and e gives 
Pdr + rdP = 0 ( 3.4 ) 
Eliminating rand dr from Equation 3.1, 3.3 and 3.4 gives 
dV = Over) 









( 3.5 ) 
( 3.6 ) 
( 3.7 ) 
In the experimental data, the total volume measured by the 
dilatometer is the total intruded pore volume Vt which must be 
corrected for the compressibility of the mercury and the system Vc. 
Equation 3.7 may then be rewritten in the form 
-P d(Vt-Vc) d(Vt-Vc) 
Over) = = ( 3.8 ) 
r dP dr 
Because there is a wide range of pore sizes in cement ?aste, it is 
convenient to plot the distributions on logarithmic pore radius basis 
(logarithms to base 10 are the most convenient :or data presentation), 
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hence the volume pore size distribution function must be :ransfo~ed 
from an equal radius basis to an equal logarithmic pore radius. Using 
the identity 
d log r = 2.303 dr/r ( 3.9 ) 
d(Vt-Vc)/dr can be transformed to d(Vt-Vc)/dlogr by multiplying 
Equation 3.8 by r/2.303. 
Hence 
r 
* = Dv (r) == 
r d(Vt-Vc) d(Vt-Vc) 
Dv(r) = ( 3.10 ) 
2.303 2.303 dr dlogr 
* Plotting Dv (r) against a logarithmic scale or r gives the 
required pore size distribution. It is, however, somewhat tedious to 
obtain the pore size distribution function curve, and the ?recise 
shape of the curve will depend ~non :he interlal bet~een slooe 
:n.easurements. Also, it is not readily possible from ~he distribution 
curve to estimate the pore volume in any range of pore sizes (Auskern 
and Horn 1973). 
3.3.1.4 SURFACE AREA 
Orr 1970 and Rootare 1966, used the mercury porosi~etry :or 
surface area determination. 
The surface area of all pores and voids filled up to pressure P is 
calculated using Equation 3.1 as follows. 
- 2 'Y cos e = ?r 
Hence -2 Tt rL 'Y cos e == p ~ V ( 3.11 ) 
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assumming that the pores are open ended cylinders of radius rand 
length L so that!::::' V= IT r~ and the pore surface area S is 27t rL gives: 
S Y cos e = - P t:,. V ( 3.12 ) 
Then the area, dS of pores in the range r to r+dr which have volume dV 
is given by 
PdV 
dS =---- ( 3.13 ) 
y cos e 
The area of pores filled up to radius r is given by integration of 
Equation 3.13 which gives 
1 V 
S =- f P dV ( 3.14 ) 
Y cose 0 
assuming constant surface tension and angle of contact. 
An alternative way to obtain the total surface area is as follows: 
For cylindrical pores 
2 dV 
dS = ( 3.15 ) 
r 
If it is assumed that there are se",eral such cylindrical ;Jores 
interconnected within the porous network then the contributions to the 
total surface area of the solid phases can be assumed to be dS; :or 
~ 









= total measurable surface area, and 
( 3.16 ) 
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n = number of volume steps used. 
3.3.1.5 HYDRAULIC RADIUS 
The hydraulic radius (mean pore radius) of a pore system may be 
defined as the ratio of the total intruded pore volume to surface area 
of pores. 
Volume of pores 
m 
Surface of pores 
For cylindrical pores ~ equals half the radius of the cylinder, 
since: 
V 1tr~ 
m = - = = r/2 ( 3.17 ) 
S 2 Tt rL 
3.3.1.6 PORE SURFACE DISTRIBUTION 















Ds( r) = Dv(r) 
r 




( 3.19 ) 
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3.3.1.9 TOTAL POROSITY 
For water saturateu' ce~ent pastes -h - t 1 . 
I.U :... e '- 0 a ? 0 r '] s ]. ~ :r :aa : T '] e 
calculated from Equation 3.22 below 
e = ( 3.20 ) 
where 
e = total porosity 3 3 (cm /cm ) 
W = weight lost on heating to 10SoC (grams per sram of dry 
paste) 
dry density 3 Ps = apparent (g/cm ) 
P'N density of water (1.0 
3 
= g/cm ) 
3.3.2 THEORY OF FLm.J' IN POROUS SOLIDS 
Darcy's law may be applied ove~ a di£:erential distance dx ~long 
in the direction of flow to give: 
K A. 
Q = (dP/dx) ( 3.21 ) 
P g 
where Q = volume rate of flow (m3/s) measured at any point x in the 
medium and where the total pressure gradient is dP/dx 
P 
P 
= total pressure at point 
= unit weight of permeant 
x C~/m2) 
3 (k.g/m ) 
g = acceleration due to g~avity (~/~g) 
x = length coordinate in direction of flow (~) 
., 
A = cross sectional area of the ryorous material (8-) 
~ = coefficient of pe!:T.'.eability (r:1/s) 
In subsequent discussions it will be convient to use Jarcy's -~~ 
in the following :o~. 
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Q = K A (H/L) ( 3.22 ) 
where 3 Q = rate of flow (m Is) 
H = hydraulic head, m (H=P/pg) 
L = length of the sample (m) 
and thus H/L = i = hydraulic gradient across sample in the direc~ion 
of flow. 
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Figure 3.10 plots pressure-volume for pure hardened cement 
paste at age ,560 days (cured under water) ,0.4 
water/cement ratio. 
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Figure 3.11 plots pressure-volume for hardened cement paste replaced 
cement by 60 per cent Fly ash at 560 days (cured under 
water),0.4 water/cement ratio. 
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EXTENSIVE EXPERL.'1ENTAL RESULTS AND Al.~ALYSIS 
4.1 PORE SIZE DISTRIBUTION 
Pore size distribution were determined by mercury intrusion 
porosimetry on 240 samples. 240 samples arises from 0.3 and 0.4 water/ 
cement ratios for Fly ash and Blastfurnace slag replaced cement pastes of 
various replacement levels, at ages of 3, 7, 28, 90, 270 and 560 days. 
The pore size distributions were determined for cement pastes containing 
varying proportions of Fly ash or Blastfurnace slag and prepared at water/ 
cement ratios of 0.3 and 0.4. Due to the large amount of data accumu-
lated, the analysis of the distributions was made using the computer 
programme which is listed in Appendix 2. The experimental pore S1ze 
distribution curves are presented as the cumulative pore size distribu-
tion curves (or the percentage cumulative pore size distribution curves). 
The pore volume parameter being expressed in cubic millimetres of pore 
space per gram o~ oven dry sample. 
In the cumulative distribution curves the cumulati17e pore vclume 
or mercury intruded is- ?loci:ed as the ordinate; the abscissa is 
marked in logarithmic scales of pore radius and absolute pressure. 
The ~7olume pore size distribution function is ploci:ed as pore size 
distribution against a logarithmic scale of pore radius. 
Due to the large amount of data and to make comparison oe:~een 
samples as simple as possible, cumulative pore vclume and pore si=e 
distribution functions of th~ data are plotted on one gIdph :~r each 
sample. 
The mean values of total porosity obtained ::-cm the ~ -.; ~~ ,~~ ---
weight losses are given as t~e total ~~asurable pore volume Je~ 5=~2 
of oven dried weight or the sample. Oven drjing ~as a:so 3el~c=eG ~s 
the standard techni.que for d~:"i.:lg the samples for ?orosi:nec:'? 
98 
4.1.1 EFFECT OF FLY ASH REPLACEMENT OF CEMENT ON PORE SIZE DISTRIBUTIOX 
The pure Fly ash showed almost no cementitious properties ~n itself 
in the presence of pure water. When Ordinary Portland cement and Fly 
ash are mixed little tendency to set is observed at Fly ash levels of 
greater than 80 per cent. 
Typical pore size distribution curves are presented in Figures 
4.1-4.4 for cement pastes of two water/cement ratios after 560 days of 
hydration. 
Figures 4.1 and 4.2 represent the cumulative pore size distribution 
curves for a water/cement ratio of 0.3 and for eight percentages of Fly 
ash replacement of the cement. In each pair of figures replacements of 
0,5,10,20,40,60,70 and 80 per cent are shown in Frames A,B,C,D,E,F,G and 
H respectively. A similar set of results are presented in Figures 4.3 
I 
and 4.4 for the corresponding water/cement ratio 0.4. 
Figures 4.5 and 4.6 represent the percentage cumulative pore volume 
curves for the two water/cement ratios, 0.3 and 0.4, and for the eight 
percentages of Fly ash replacement at 560 days of hydration. 
Figures 4.7, 4.8, 4.9 and 4.10 represent the total intruded pore 
volume plotted against the percentage of Fly ash in the cement, for 
pore size ranges 37-1000 Angstrom, over 400 Angstrom and for pore sizes 
in the range 37-400 Angstrom respectively for the two water/cement 
ratios 0.3 and 0.4 at 270 days of hydration. 
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4.1.1.1 EFFECT OF AGE 
109 
In the previous section Figures 4.1 and 4.2 represent the 
cumulative pore size distribution curves for a water/cement ratio 0.3 
and for eight percentages of Fly ash 0, 5, 10, 20, 40, 60, 70 and 80 at 
560 days of hydration. A similar set are presented in Figures 4.3 and 
4.4 for the corresponding water/cement ratio 0.4. Data for the other 
ages, in Figures A3.l-A3.l0 (Appendix 3) give the cumulative pore 
size distributions for the 0.3 water/cement ratio, each two figures 
present eight frames A,B,C,D,E,F,G and H for the eight percentages of 
Fly ash replacement of cement, 0,5,10,20,40,60,70 and 80 and times of 
hydration at 3,7,28,90 and 270 days respectively. A similar set of 
results for the corresponding water/cement ratio 0.4 at times of 
hydration 3,7,28,90 and 270 days are presented in Figures A3.1l - A3.25, 
each three figures present twelve frames for the twelve percentages of 
Fly ash replacement of cement 0,5,10,20,30,35,40,45,50,60,70 and 80 
respectively (see Appendix 3). 
Tables 4.1, 4.2 and 4.3 give the total intruded pore volume, the 
percentage of the total volume in the range of pore radii 37-1000 
Angstrom and the mean hydraulic radius for each of the two water/cement ratios 
~ 
and the eight percentages of Fly ~ replacement of cement as a function 
of the time of hydration. 
4.1.1.2 TOTAL POROSITY 
The mean values of porosities obtained from the oven dried weight 
losses are presented in Table 4.4. The porosities are g1ven as the 
total measurable pore volume per gram of oven dried sample. 
It can be seen that the total porosity increases with Fly ash 
replacement and decreases with increasing time of hydration. 
Table 4.4 also lists the total int~ded ?ore 'lolume :or .aac..:1 ?as::e 
• +- '-\J!, .... L a r..;a ter / c:=ment ratio of 0.4. :his is :~ all cases l.ass :han 
total ;Jorosity. The actual percentage of total pore voJ..UI!le i:lt:"'J.c.ed 
is also quoted. This percentage represents the percentage 
accessible capillary pores as a percentage of the total pores (Auskern 
and Horn 1973). The- difference between the ~otal porosity and the 
total intruded pore volume has been suggested to represent gel pores 
(Winslow and Dimond 1970, Auskern and Horn 1973). 
111 
Time of hydration 3 7 28 90 270 560 days 
Fly ash W/C Total intruded pore volume (mm3/g) (per cent) ratio 
0.3 140 120 90 80 70 60 
0 
0.4 180 160 130 130 90 100 
0.3 110 100 80 80 70 
5 
0.4 180 160 140 130 110 110 
0.3 120 90 70 80 
10 
0.4 200 180 140 120 110 130 
0.3 140 110 80 70 70 
20 
0.4 230 200 170 130 100 100 
0.3 140 100 80 80 
40 
0.4 240 240 190 170 140 130 
0.3 170 140 110 130 
60 
0.4 310 250 240 "'''0 _ .. 170 190 
0.3 180 140 ''10 1_ 130 
70 
0.4 320 280 270 250 230 210 
0.3 220 220 170 180 
80 
0.4 330 320 300 290 240 240 
Table 4.1 Effect of Fly ash replacement or ~ement on total intruded 
pore volume 
112 
Time of hydration 3 7 28 90 270 560 
days 
Fly ash w/c ( Sizes lower than 1000 Angstrom ) 'n (per cent) ratio total intruded volume '0 pore 
0.3 64 83 89 88 86 95 
0 
0.4 61 75 70 77 99 91 
0.3 73 90 99 75 80 
5 
0.4 67 69 86 70 99 80 
0.3 83 89 87 85 
10 
0.4 65 72 70 67 99 74 
0.3 71 79 88 86 88 
20 
0.4 57 80 70 77 90 91 
0.3 64 99 88 96 
40 
0.4 42 67 84 94 93 96 
0.3 76 93 91 36 
60 
0.4 29 68 60 95 99 95 
0.3 78 93 92 96 
70 
0.4 25 36 59 92 96 99 
0.3 55 64 88 91 
80 
0.4 21 41 47 55 75 63 
Table 4.2 Effect of Fly ash replacement of cement on substantial porp 
volume (sizes lower than 1000 Angstrom) . 
113 
Time of hydration 3 7 28 90 270 560 
days 
Fly ash wle Mean hydraulic radius (Angstrom) 
(per cent) ratio 
0.3 20472 9287 9295 12229 10169 9195 
0 
0.4 20320 14180 14165 13748 8658 8359 
0.3 27302 19862 12520 12664 10927 
5 
0.4 17175 20943 16892 13920 8534 10074 
0.3 12687 11617 5633 8680 
10 
0.4 15794 14694 12929 15626 6740 8368 
0.3 12330 20648 10352 5736 9922 
20 
0.4 18332 11978 11486 10524 8676 10131 
0.3 10547 9377 5918 6598 
40 
0.4 27177 11923 11029 7740 6195 5419 
0.3 7423 7824 5028 6043 
60 
0.4 27156 13587 13003 6479 5684 3715 
0.3 8921 5215 4080 5743 
70 
0.4 21702 20383 15619 6941 7802 7789 
0.3 11435 11261 8209 10338 
80 
0.4 31153 18349 14449 14180 10583 13121 
Table 4.3 Effect of Fly ash replacement ot cement on mean hydraul~c 
radius 
Total pore volume water ?orosity 1.] ~.g intruded 114 
dry 3 3 Fly ash time of dens~ty per cent mm /g lllI!l / g capil~2.ry (per cent) hydration kg/m poros i ty ~ of 
days total porosit.y 
28 1663 30.9 186 130 69.8 
0 
270 1663 26.1 157 90 57.3 
28 1647 32.9 200 140 69.9 
5 
270 1647 31.5 191 110 57.6 
28 1617 33.3 206 140 68.0 
10 
270 1617 31.9 197 110 55.8 
28 1591 41.7 262 170 64.8 
20 
270 1591 30.1 189 lOO 52.9 
28 1543 40.0 259 170 65.6 
30 
270 1543 37.8 245 130 53.1 
28 1541 41.6 270 190 70.4 
35 
270 1541 39.0 253 140 55.3 
28 1502 39.8 265 190 71.6 
40 
270 1502 36.3 245 140 --, . J I • .l. 
28 1451 ~O.5 2- 0 j J 200 71 . 7 is 
270 1451 36.4 251 150 59.3 
28 1433 41.7 291 210 72.2 
50 
270 1433 37.7 ·263 160 60.3 
28 1380 41.3 299 240 80.3 
60 
270 1380 36.0 261 170 65.2 
28 1357 44.6 329 270 82.0 
70 
270 1357 41.9 J09 230 7:".4 
28 1312 46.3 353 300 84.9 
80 
270 1312 :" 0 4~. 320 240 75.0 
Table 4.4 Effect of Fly ash replacecrent or cecrent )n total and 
capillary porosities at 0.4 water/cement ratio. 
DISTRIBUTION 
No hydration products were observed when granulated slag was mixed 
with pure water. When Ordinary Portland cement and Blastfurnace slag 
are mixed little tendency to set is observed at slag levels of greater 
than 97 per cent. 
Typical pore size distribution curves are presented in Figures 
4.11 - 4.14 for pastes of different water/cement ratio at j60 days of 
hydration. 
Figures 4.11 and 4.12 represent the cumulative pore size 
distribution curves for a water/cement ra~io of 0.3 and :or eignt 
percentages of Blastfurnace 0,20,40,60,iO,80,95 and 9i per cent shown 
respectively in Frames A,B,C,D,E,F,G and H. A similar set of resul:s 
are presented in Figures 4.13 and 4.14 for the correspondi:lg 
water/cement ratio 0.4. 
Figures 4.15 and 4.16 represent the percentage cumulative ?ore 
volume curves for the two water/cement ratios, 0.3 and 0.4 and for the 
eight percentages of Blastfurnace slag replacement at 560 days or 
hydration. 
Figures 4.17, ~.18, 4.19 and 4.20 show the total int=uded por~ 
volume plotted against the percentage or 31ast£urnace slag ~n :~e 
cement, for pore sizes in the ranges 37-1000 Angstrom, JV~~ ~OO 
Angstrom and for pore sizes in the ranges 37- ~OO Angstrom 
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4.1.2.1 EFFECT OF AGE 
In the previous section Figures 4.11 and 4.12 represent the 
cumulative pore size distribution curves for a water/cement ratio 0.3 
and for eight percentages of B1astfurnace slag 0,20,40,60,70,80,95 and 
\$ 
97 at 560 days of hydration. A similar set ~ presented in Figures 
4.13 and 4.14 for the corresponding waLer/cement ratio 0.4. 
Figures A3.26 - A3.35 present remaining data for the cumulative pore 
size distributions for the 0.3 water/cement ratio, each two figures 
present eight frames A,B,C,D,E,F,G and H for the eight percentages of 
Blastfurnace slag replacement of cement, 0,20,40,60,70,80,95 and 97 and 
times of hydration of 3,7,28,90 and 270 days respectively. A similar 
set of results for the corresponding water/cement ratio 0.4 and the 
same times of hydration are presented in Figures A3.36 - A3.50, each 
three figures present twelve frames for twelve percentages of Blast-
furnace slag replacement of cement 0,20,40,60,65,70,75,80,85,90,95 and 97 
respectively. 
Tables 4.5, 4.6 and 4.7 g1ve the total intruded pore volume, the 
percentage of the total pore volume in the range of pore radii 37-1000 
Angstrom and the mean hydraulic radius for the two water/cement ratios 
and the eight percentages of Blastfurnace slag replacement of cement 
as a function of the time of hydration. 
127 
4.1.2.2. TOTAL POROSITY 
The mean values of porosities obtained from the oven dried weight 
losses are presented in Table 4.8. The porosities are g~ven as the 
total measurable pore volume per gram of oven dried sample. 
It can be seen that the total porosity increases with Blastfurnace 
slag replacement and decreases with increasing time of hydration. 
Table 4.8 gives the total intruded pore volume for each paste. 
Once again this is in all cases less than the total porosity. The 
total intruded pore volume expressed as a percentage of the total 
porosity is also given and again this percentage could be regarded as 
the percentage of capillary pores to total pores and the difference 
between the total porosity and the total intruded pore volume could be 
regarded as gel pores. 
next chapter. 
The data is discussed in more detail in the 
123 
Time of hydration 3 7 28 90 270 560 days 
slag W/c Total intruded volume 3 pore (mm Ig) (per cent) ratio 
0.3 140 120 
0 
90 80 70 60 
0.4 180 160 130 130 90 100 
0.3 150 130 
20 
90 80 80 70 
0.4 180 180 140 120 80 60 
0.3 160 130 90 70 70 60 
40 
0.4 230 170 130 130 100 100 
0.3 160 150 80 70 70 70 
60 
0.4 250 190 180 120 80 60 
0.3 170 130 90 80 70 60 
70 
0.4 270 150 170 130 90 60 
0.3 180 170 120 110 100 80 
80 
0.4 290 220 210 180 1'10 ... ~ 100 
0.3 210 210 200 180 150 160 
95 
0.4 300 270 280 260 240 210 
0.3 250 230 220 210 170 
97 
0.4 310 300 300 280 270 
Talbe 4.5 Effect of Blastfurnace slag replacement of cement on :Ot2~ 
intruded pore volume 
Time of hydration 
days 
slag w/c 

























Table 4.6 Effect of 
substantial pore volume 
3 7 28 90 270 




64 83 89 88 86 
61 75 70 77 99 
87 88 89 88 88 
67 78 72 67 99 
69 92 90 86 86 
43 53 77 70 90 
99 80 99 86 86 
36 58 78 99 99 
47 79 67 65 86 
41 73 82 77 89 
56 56 92 91 70 
35 99 90 89 85 
86 93 95 39 93 
40 52 54 54 96 
72 90 95 95 95 
45 60 67 61 74 
Blastfurnace slag replacement of 





















Time of hydration 3 7 28 90 270 560 
days 
slag w/c Mean hydraulic radius (Angstrom) 
(per cent) ratio 
0.3 20472 9287 9295 12229 10169 9196 
0 
0.4 20320 14180 14165 13748 8658 8359 
0.3 16130 11902 9953 10119 10169 9196 
20 
0.4 17761 16090 12885 12414 8539 8360 
0.3 18379 13236 9457 12197 11265 8491 
40 
0.4 18829 23578 r0829 8426 7539 6671 
0.3 10251 7369 8820 8849 11265 6227 
60 
0.4 19629 13927 10383 9559 7182 7809 
0.3 11918 10343 8772 6849 7735 4610 
70 
0.4 22260 15743 8929 7049 6045 5737 
0.3 8774 16611 5275 5844 8975 6955 
80 
0.4 16029 14633 7392 7057 6.747 5320 
0.3 8813 6999 5661 6952 5064 ':'188 
95 
0.4 14544 12812 13199 11712 4853 4271 
0.3 10724 8759 7349 5695 6297 
97 
0.4 18387 15302 12711 13224 6977 
Table 4.7 Effect of Blastfurnace slag replacement of cement on mean 
hydraulic radius. 
131 
Total pore volume T,Jater porosity rig intruded 
dry 3 3 slag time of dens~ty per cent mm /g rmn /g capil:'ary 
(per cent) hydration kg/m porosity ~ of 
days total porosity 
28 1663 30.9 186 130 69.8 
0 
270 1663 26.1 157 90 57.3 
28 1610 32.6 202 140 69.3 
20 
270 1610 25.4 158 80 50.6 
28 1552 32.8 211 130 61.6 
40 
270 1552 28.2 182 100 54.9 
28 1513 43.4 287 180 62.7 
-60 
270 1513 27.8 184 80 43.5 
28 1507 43.9 291 160 55.0 
65 
270 1507 28.2 187 90 48.1 
28 1499 46.8 312 170 54.5 
70 
270 1499 28.6 191 90 47.1 
28 1493 44.8 300 190 63.3 
75 
270 1493 29.9 200 100 50.0 
28 1492 47.7 320 210 65.6 
80 
270 1492 32.5 218 130 59.6 
28 1485 47.8 322 220 68.3 
85 
270 1485 39.5 266 170 63.9 
28 1468 48.3 329 250 76.0 
90 
270 1468 45.5 310 210 67.7 
28 1446 49.2 340 280 82.4 
95 
270 1446 44 .. 8 310 240 77.4 
28 1442 50.8 352 300 85.2 
97 
270 1442 48.7 338 270 80.0 
Table 4.8 Effect of Blastfurnace slag :-eplacement of cement on total 
and capillary porosities at 0.4 water/cement ratio. 
4 .2 WATER PERMEABILITY 132 
Water permeability was determined for the cement pastes containing 
the varying proportions of Fly ash or Blastfurnace slag. Water/cement 
ratios of 0.3 and 0.4 were used and times of hydration of 28 and 270 
day's. 
4.2.1 EFFECT OF FLY ASH REPLACEMENT OF CEMENT ON WATER PERMEABILITY 
Figure 4.21 shows the coefficients of permeability for water/cement 
ratios of 0.3 and 0.4 for Fly ash replacement levels of 0,5,10,20,40, 
60,70 and 80 per cent at 28 days of hydration. A similar set of 
. 
is. 
results ~ presented in Figure 4.22 for 270 days of hydration. 
Table 4.9 presents the same data but enables a comparison between the 
coefficients of water permeability at 28 and 270 days of hydration to 
be made. Each point is the average of at least 3 tests. Occasionally 
some test results were found to show a very high or very low perneabilities. 
These were assumed to be due to leakage past the sample or blockage of 
the flow lines respectively. In calculating average permeabilities 
such results have been ignored with the exception of these results 
permeabilities from duplicate runs varies by a maximum of~ 10 per cent. 
A general observation that can be made on the appearance of the curves 
is that there is little effect on the permeability below 10 per cent 
Fly ash replacement. Above this level the coefficient of permeability 
decreases gradually with increasing Fly ash replacement of cement 
up to 40 per cent. Above 60 per cent the permeability sharply 
~ncreases with increasing Fly ash replacement for 28 and 270 days of 
hydration and for both the water/cement ratios. 
133 
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0 0 w/c ratio = 0.4 
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Figure 4.21 Effec~ of ~ly ash ~eplacement of cement :n c~ef:icient 
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Figure 4.22 2ffect 0: Fly ash replacement of cement on coe::~cie n~ 
of pe=meabil!ty at age 270 days. 
13 
135 
Time of hydration 28 270 (days) 
Fly ash W/C coefficient of permeability (per cent) ratio (m/s) 
0.3 ·7.32xlO-13 1.49xlO-13 
0 v 
0.4 1.4'xlO-12 2.1'xlO-13 
0.3 7.31xlO-13 1. 39xlO -13 
5 
0-.4 1.52xIO-12 2.02xlO-13 
0.3 7.30xlO-13 1.40xlO-13 
10 
0.4 1.41xlO-12 1.97xlO-13 
0.3 2.01xlO-13 6.10xlO -14 
20 
0.4 8.24xlO-13 1.42xlO -13 
0.3 2.23xlO-13 7.00xlO-14 
40 
0.4 6.24xlO -13 8.S0xl0- 14 
0.3 6.7IxlO-12 7.21xl0- 13 
60 
0.4 1.98xl0-12 8.33xl0- 13 
0.3 4.39xl0- 10 4.02xl0- 1O 
70 
-11 I ~! 10-11 0.4 7.11xl0 .... J '+x 
0.3 1.22xl0 -9 9.99xlO- 10 
80 
0.4 2.17xlO -9 l.0lxl0 -9 
Table 4.9 Effect of Fly ash replacement of cement on coefficient or 
pe rmeabil i ty 
136 
SL-iG 'JF r'7",f~'''''''" _.-... .. _ .. t ... 
PERMEABILITY 
Figure 4.23 shows the coefficients of ?e~eability for t~e :~O 
water/cement ratios and the eight percentages of 3lastfurnace 
replacement 0,20,40,60,70,80,95 and 97, at 28 days of hydration. ~ 
si~ilar set of results are presented in Figure ~.24 :or :~e 
corres9o.nd~ng 270 days of hydration. 
A8Clin the data is also presented ~n Table 4.10 for conpar~~on 
purposes between the two ages. 
As for the Fly ash results represented in Section 4.2.1. The 
plotted points are average of at least 3 determination and exclude 
any obviously high or low results. 
The general observations that can be made on the appearance of the 
curves are that there is little effect on the permeability below 40 
per cent Blastfurnace slag replacement. The coefficient of permeability 
decreases gradually with increasing Bl~stfurnace slag replacement 
between 40 and 80 per cent. Above 80 per cent the permeability 
increases with increasing Blastfurnace slag replacement fo~ 28 and 
270 days of hydration and for the two water/cement ratios. Again the 
data is discussed in detail in Chapter Five. 
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Figure 4.24 Effect of Blastfurnace slag replacement of cement on 
coefficient of permeability at age 270 days. 
139 
Time of hydration 28 270 
(days) 
slag wlC Coefficient of permeability (per cent) ratio (m/s) 
0.3 7.32xlO-13 l.49xlO-13 
0 
0.4 l.48xlO -12 2.I4xlO-13 
0.3 7.01xlO-13 l.S7xlO-13 
20 
0.4 2.69xlO-12 2.I2xlO-13 
0.3 1.01xlO-12 l.SOxlO- 13 
40 
0.4 2.06xlO-12 2.06xlO-13 
0.3 4.42x10-13 9.70xlO-14 
60 
0.4 4.46xlO-13 I.OOx10-13 
0.3 l.65xlO-13 8.00xlO-14 
70 
0.4 2.05xlO-13 9.80xlO-14 
0.3 l.07xlO-13 4.70xlO -14 
80 
0.4 8.63xlO-13 7.60xlO-14 
0.3 4.45xlO-12 1.36xlO-12 
95 
0.4 3.26xlO-11 2.08xlO-12 
0.3 2 .. 00xlO-10 2.24xlO-10 
97 
-9 6.49x10-10 0.4 4.36x10 
Table 4.10 Effect of Blastfurnace slag replacement of cement on 
coefficient of permeability. 
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DISCUSSION, CONCLUSIONS AND FURTHER ~lORK 
5.1 DISCUSSION 
The effects on the pore volume, pore s~ze distribution and water 
permeability of hardened cement pastes of replacing varying proportions 
of the cement by Fly ash or ground granulated Blastfurnace slag have been 
presented in the previous chapters. In the following section a 
general discussion and the main implications of the results will be given. 
5.1.1. GENERAL DISCUSSION 
The pure Fly ash showed almost no tendency to set when mixed with 
pure water and possessed virtually no cementing activity, a result in 
accordance with Lea (1980) and Neville (1981). Furthermore, above 80 
per cent replacement by Fly ash,there was little cementing activity of 
the mix. The rate of initial hydration reactions was higher when pure 
Ordinary Portland cement was used than a m~x containing Fly ash. The 
Fly ash was also found to cause a decrease in the compressive strength 
of hardened cement pastes with water/cement ratio 0.4 at 270 days of 
hydration (Figure 2.3); such results are again in accordance with Lea 
(1980) and Neville (1981). The latter investigators considered that the 
lower temperature reached during hydration retarded the development of 
strength at ages up to about a year, ~nd also observed the loss in 
strength of mixes with high replacement levels, over 40 per cent Fly 
ash replacement giving a reduction of strength at all ages. 
For replacement levels of Ordinary Portland cement by Fly ash of 
less than 10 per cent the physical properties of the resulting cement 
• I "' ~- -
paste were little altered (Yoshil et al.1958). In the present research 
-when the cement has been replaced by Fly ash it has Jeen over the r2.nge :) 
to 80 per cent by weight of the mixture. 
Just as for Fly ash, no hydration products can be observed when 
ground granulated Blastfurnace slag is mixed with pure water. This 
lack of cementitious properties agrees with the data of Lea (1980) and 
Lee (1974). A mix containing more than 97 per cent Blastfurnace slag 
showed hardly any cementing activity and again the rate of initial 
hydration reactions was higher when pure cement was used, results aga~n 
agreeing with the data cited. Figure 2.5 shows the compressive 
strength increases gradually with increasing Blastfurnace slag replace-
ment up to 70 per cent. Above 80 per cent the compressive strength 
reduced sharply for samples cured under water for 270 days. The effect 
of the fineness of ground granulated Blastfurnace slag possibly leads 
to a reduction of the water/solid ratio and hence to increase of com-
pressive strengths at replacement levels up to 80 per cent. 
Replacing Portland cement by less than 20 per cent of Blastfurnace 
slag had little effect on compressive strength of mortars Lea (1980) and 
similar results were found here (Figure 2 . .5) for cement pastes. Consequentl~l. 
in the present investigation, where the permeability and porosity character-
istics of B1astfurnace slag replaced cement have been studied, the replace-
ment has been over the range 20 to 97 per cent by weight of the mixture. 
Bleeding data for the various mixes is given in Figures 1.6, 1.7, 
1.8, 1.9 and 1.10 for cement pastes having water/cement ratios of 0.3 
and 0.4. These show that the bleeding rate decreases with increasing 
b) \..Ve·~~t 
Fly ash or ground granulated B1astfurnace slag replacemen~of the cement. 
Bleeding rate also decreases with reduction of water/cement ratio from 
0 . .4 to 0.3. The specific gravity of both these materials are generally 
lower than Ordinary Portland Cement, and hence for a given water/cement 
ratio more solids are available on a volumetric basis in comparison 
1-3 
to the water in the replaced cements. Other effects operate which may 
reduce the bleeding rates: Blastfurnace slag is finer than Ordinary 
Portland cement and so a greater surface area is available to absorb 
water,and the spherulitic material in Fly ash which improves the work-
ability often contains spheres whi~h are hollow thus presenting the water 
with a large surface area for hydration reactions. The improved bleeding 
of the replaced cements reported here agrees with the discussion of Lea 1980. 
Powers (1968) quotes 2.20 x 10-4 em/sec bleeding rate as the limit 
above which channelling may occur in cement paste; bleeding rate is the 
slope of the initial linear part of the bleeding versus time curve. 
From the present data it can be seen that for a Fly ash or Blastfurnace 
slag replaced cement mix, the maximum limit of bleeding rate quoted 
above was not exceeded and so the bleeding rates employed in the present 
investigation were low enough not to cause any damage by channelling. 
Table 1.1 shows the temperature rise during the first 25 hours of 
hydration of the test samples of the various mixes. The peak temper-
ature is reduced and the time elapsing between placing the cement and 
achieving the peak increased with increasing Fly ash or Blastfurnace 
slag replacement of the cement and with increasing water/cement ratio. 
It may be noted that the lower temperature rise produces a lower thermal 
expansion. In addition the thermal expansion of pure cement pastes ~s about 
-6 0 . 8-10 x 10 per F, whereas Fly ash or Blastfurnace slag, have expans~ons 
as low as 1-3 x 10-6 per of, which can further improve the durability of 
the mix (Lea 1980). 
From the point of V1ew of bleeding, m~xes at water/cement ratios 
0.3 and 0.4 with 5-80 per cent Fly ash replacement or 20-97 per cent 
Blastfurnace slag replacement appeared stable. Such m~xes were there-
fore used for the determination of pore volume, pore size distribution 
and water permeability in the present investigation. 
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5.1.2 PORE VOLUME AND PORE SIZE DISTRIBUTION 
In order to calculate the true volume intrusion of mercury into the 
pores of the sample, a correction was made for the compressibility of the 
mercury and the system (see Section 3.2.2.2.2 and Figure 3.4). In 
theory a correction ought to be made to the observed intrusion to account 
for the compressibility of the solid component of the sample excluding 
the pores, but at present a method has not been developed so far for 
doing this. Winslow and Diamond (1970) stated that typical values of the 
compressibility of most reasonably strong solids would suggest that the 
volume change from zero to 1000 kg/cm2 would in fact be negligible in 
comparison with the volume of mercury intruded into the cement paste; 
interpretation of the present data requires some allowance for this effect 
2 
above pressures of 1000 kg/cm and is discussed later, although for the 
purpose of comparing one sample with another in this investigation the 
effect has been neglected. 
In the investigation by Ritter and Drake (1945), the pore radius was 
limited to a minimum of 100 Angstroms, because in their view neither the 
concept of surface tension nor of contact angle is strictly applicable to 
smaller pore S1zes. As hydrated cement is so heterogenous a single 
contact angle for all the phases present 1S probably not valid, further it 
is possible that me contact angle changes with the pressure. Using a 
value of contact angle of 140 degrees (Ritter and Drake, 1945) as a 
reasonable average for most materials, it can be seen that a 1 degree 
error in this contact angle leads to 1.5 per cent error in the pore 
radius value calculated since: 
Pr 2 1'"\ 145 = - "( cos :J 
Pdr = 2 y sin e d 8 
Pdr 2 y sin e d e 
= 
P 
-2 Y cos e/r 
dr 
e tan e = - d 
r 
therefore 6r ,~ e tan e = -
r 
For the apparatus uspd in this investigation the maX1mum pressure 
attainable was 2000 kg/cm2 corresponding to a pore radius of 37 Angstrom. 
The various effects which might cast doubt on the validity of pore size 
measurements less than 100 Angstrom are discussed in more detail later 
in this chapter. 
Mikhail et_aL (1975) mentioned that the high pressures used in 
mercury porosimetry could lead to deformation or even destruction of the 
pores. Thus in the high pressure region there may be errors due to 
crushing of the sample or possibly changes in the contact angle. In 
some curves in the present investigation the mercury was found to enter 
the sample rather rapidly at high pressure giving rise to the idea that 
the sample contained many fine pores of small radius, see for example 
Figures 4.6 and 4.16; this phenomenon could be explained, however, by a 
sudden flow of mercury into an internal cavity previously empty, whose 
walls have been broken by the mercury pressure. Additionallv another 
effect is considered under Section 5.3. 
In contrast to a sudden lncrease ln the mercury intruded volume as 
the pressure is increased, it is qui~e possible to observe a negativ~ 
intruded volume, ie. as the pressure is increased above a certain value 
mercury is actually expelled from the sample. This is seen in most of 
the Figures 4.1-4.4, A3.l-A3.25 for Fly ash replaced cement, and ln 
most of the Figures 4.11-4.14, A3.26-A3.50 for Blastfurnace slag 
replaced cement. It might be the case that such an effect reduces the 
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total intruded pore volume if it is due to the destruction of pores. 
The exact mechanism of what is taking place is difficult to understand. 
If the radius of a pore is r and its length be L a small decrease ~n 
radius ~r, may squeeze out a volume 2TIr~rL of mercury with little overall 
change in volume; more drastically a decrease in the radius of a pore 
would increase the pressure required to keep the mercury within the pore, 
and if this rises above the external applied pressure then all the mercury 
of volume nr2L might flow back out of the pore with a consequent increase 
~n overall volume. The problems of non-cylindrical pores adds to the 
difficulties and are considered later under Section 5.3 
If a negative intrusion of mercury is indicative of a mechanical 
weakness of the pore structure, the figures listed above, in particular 
Figures A3.9, A3.l0, A3.23, A3.24, A3.25, A3.34, A3.35, A3.48, A3.49 and 
A3.50 show that the strength of the pore systems (which is evidently not 
related to the compressive strengths) generally increases with increasing 
Fly ash or Blastfurnace slag replacement. This is possibly due to the 
hydration reaction of Fly ash or Blastfurnace slag with the calcium 
hydroxide produced during Ordinary Portland cement hydration as these 
reactions transform the weak and soluble calcium hydroxide into a gel 
product, which otherwise could be leached out during curing to leave a 
voided structure. 
The effect of increasing time of hydration upon total intruded pore 
volume was always to decrease the latter, irrespective of the level of 
replacement by Fly ash or by Blastfurnace slag and applied for both the 
water/cement rati~ of 0.3 and 0.4. Data for Fly ash and BLastfurnace 
slag replacements is given in Tables 4.1 and 4.5 respectively. In the 
later stages of hydration from 270 to 560 days the change in total 
intruded volume ~s not very great, the decrease being more marked ~n the 
earlier stages of hydration. Increasing the water/cement ratio from 
0.3 to 0.4 increased the total intruded pore volume in all cases. These 
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results are expected on the general consideration that the hydration 
products occupy more volume than that occupied by the cement gra1ns 
they replace and thus they tend to fill the space originally filled with 
water. 
Generally the total intruded pore volume increased with increasing 
Fly ash or Blastfurnace slag replacement although the increase became 
more pronounced at the higher levels of replacement. Figure 4.7 
indicates that as the Fly ash replacement is increased, the total pore 
volume increased for the two water/cement ratios at 270 days of hydration, 
the total intruded pore volume increasing more sharply beyond 60 per 
cent replacement. Data for Blastfurnace slag, given in Figure 4.17, 
indicates little change in the total intruded pore volume up to re-
placement levels of 70 per cent, but greater than 70 per cent replace-
ment resulted in a sharp increase in the total intruded pore volume. 
At high replacement levels it is possible that the lime produced by the 
hydration of the Ordinary Portland cement is not sufficient to react 
with the excessive quantity of replacement material, giving r1se to an 
1ncrease in the total intruded pore volume observed (Lea 1980). 
Auskern and Horn (1973) observed that the pore sizes with radii less 
than a 1000 Angstrom in pure cement pastes represented the substantial 
pore volume at all ages. A similar effect was observed in the Fly ash 
and Blastfurnace slag replaced cements studied here, particularly at the 
greater ages. Data for Fly ash is presented in Table 4.2 and Figure 
4.8. The ratio of cumulative pore volume with pore sizes less than 
1000 Angstrom to the total pore volume is substantial at all ages, but 
while this ratio decreases with high levels of Fly ash replacement (which 
accompanies the decrease in compressive strength) at early ages of a few 
days, the fine pore sizes soon increase as a percentage of total 
porosity as the hydration proceeds. The major pore volume 1n all Fly 
ash cement pastes is due to pores of less than 1000 Angstrom. 
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Similar trends for Blastfurnace slag replaced cement can be seen ~n 
Table 4.6 and Figure 4.18. At 3 days of hydration there are some 
fluctuations in the ratio of cumulative pore size volume below 1000 
Angstrom to the total intruded pore volume but as hydration proceeded, 
this ratio was heading into the upper eighty and ninety percents. 
Hence, Blastfurnace slag replacement results in fine pore development. 
The interparticle spaces present within a fixed volume of cement 
paste were observed to decrease in size as the proportion of hydration 
products increased with age at any percentage of Fly ash or Blastfurnace 
slag replacement. This general trend can be judged from the large 
amount of data illustrated quantitatively in Tables 4.3 and 4.7, where 
mean hydraulic radius as a function of time of hydration for the two 
water cement ratios and eight percentages of Fly ash or Blastfurnace 
slag replacements are presented. Mean hydraulic radius is a measure of 
average interparticle space. It is this kind of data which would be 
useful for making estimates of the coefficient of water permeability from 
theoretical considerations; for example, if it were assumed that no 
pores are sealed off and that they were of uniform size, the Carman-Kozeny 
type of equation might be applied (see Appendix 1, equation Al.lO). 
However, it has already been indicated by Nyame (1980), the mean hydraulic 
radius of pure cement pastes has certain limitations because it was found 
to be less sensitive to differences in water/cement ratios and times of 
hydration than the pore size distribution. A difficulty with the mean 
hydraulic radius is this concept can take into account pores which are 
blocked but which canaot contribute to water permeability. 
As already shown, the pore sizes reduce with increasing Fly ash or 
Bla&furnaceslag replacement and with increasing hydration. The 
overall distribution is a shift towards the finer pore s~zes when the 
water/cement ratio is reduced from 0.4 to 0.3, and the mercury poros~­
metry results, Figures 4.1-4.4, A3.l-A3.25 show that the pore volume 
./ 
. concentrated . the range 37-400 Angstrom. 1 .9 ~s ~n pore Slzes ~n These pores 
generally . with . . Fly ash replacement of the ~ncrease ~ncreaslng cement up 
to 60 per cent and with . . time of hydration, whereas the pores ~ncreaslng 
larger than 400 Angstrom show a decrease in number. This trend is shown 
for the eight percentages of Fly ash and the two water/cement ratios at 
-
270 days hydration in Figures 4.9 and 4.10. Examining Figure 4.9 it is 
clear that the pore volume over 400 Angstrom reduces with Fly ash 
=eplacement up to 60 or 70 per cent 'depending on water/cement ratio, above 
which it increases. The reverse effect is observed for pores in the 
range 37-400 Angstrom, which increases up to 70 ~er cent replacement by 
Fly ash for both water/cement ratios. Above a figure in the region of 
60 to 70 per cent replacement by Fly ash the rapid reduction in compressive 
strength which occurs is possibly due not only to insufficient cement 
present to allow hydration of the excessive Fly. ash but also to a lack of 
sufficient chemical reaction to homogenize the mix resulting ~n a gross 
~ncrease ~n the number of pores greater than 400 Angstrom. 
Figures 4.11-4.14, A3.26-A3.S0 show that the pore s~ze range 37-400 
Angstrom increases with increasing percentage of Blastfurnace slag re-
placement of the cement and with increasing time of hydration. This 
typical trend is illustrated for the two water/cement ratios at 270 days 
of hydration in Figures 4.19 and 4.20. 
Figure 4.19 shows that there is a small reduction in pore volume 
over 400 Angstrom with Blastfurnace slag replacement up to 70 per cent. 
Figure 4.20 shows that there is little change in pore volume in the range 
37-400 Angstrom up to 70 per cent Blastfurnace slag replacement, above 
which it sharply ~ncreases. 
Auskern and Horn (1973) suggested that "the gel porosity ~s g~ven by 
the difference between the total water porosity and the mercury porosit " 
The general observation ~n the present research is that the capillary 
porosity decreases with increasing age of hydration and increases with 
increasing water/cement ratio. Such a result should be expected on the 
basis of the Powers model (1949) for pure cement paste who considered 
that as hydra~ion p~vwv_~ • . ~the amount and the distribution of pOLosit:, 
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between capillary and gel pores changes considerably. Initially all 
the pores are capillary pores; as hydration proceeds most of the capillary 
pores become filled with gel and the capillary pore volume is reduced. 
This trend is illustrated quantitatively in Tables 4.4 and 4.8 for the 
Fly ash and the Blastfurnace slag replaced cements respectively, the 
percentage of capillary pores to total pores decreased with increasing 
age of hydration for all levels of replacement. This means that the 
relative percentage of the gel pores increases with increasing age of 
hydration. 
5.1.3 WATER PERMEABILITY 
In order to measure the water permeability of hardened cement paste 
prepared at water/cement ratios 0.3 and 0.4 with 5-80 per cent Fly ash 
replacement or 20 - 97 per cent ground granulated Blastfurnace slag re-
placement at ages 28 and 270 days, a saturated sample 15 mm thick was 
placed between two porous end platens and then placed ~n the permeability 
cell. The specimen was sealed into a brass container with a urethane 
rubber jacket and two brass end plates. To eliminate leakage past the 
wall of the specimen a sufficiently high confining pressure was applied 
to the membrane to seal it to the wall of the specimen. 
The water permeability of hardened cement pastes was measured with 
hydrostatic pressures on both sides of the specimen. This has the 
advantage that any trapped air, which might rema~n after initial 
evacuation, will be compressed and thus its effect on the permeability 
will be minimised. The difference between the upstream and downstream 
pressures were adjusted to g~ve a suitable pressure difference for 
permeation. Also because of the very sensitive volume measurements and 
to ensure reproducibility of results, the apparatus was installed in a 
o 
temperature controlled room set at 20 C. 
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As in other investigations Darcy's law has been applied to the flow 
of water through hardened cement pastes. Obviously, osmotic pressure 
could affect the values obtained but according to Powers et ale (1954) 
it was negligible for pure cement pastes. For Fly ash or Blastfurnace 
slag replaced cement the effect will again be negligible because the 
quantity of calcium hydroxide present is even less. 
The coefficient of permeability for pure cement paste was found to 
decrease with increasing time of hydration and increase with water/cement 
ratio (Tables 4.9 and 4.10). Again such results are expected both on 
the basis of the Powers model for pure cement paste (1954) and on the 
general consideration that the chemical reactions between the constituents 
of cement and water progressively replace the original cement minerals 
with hydration products, principally cement gel. The volume the hydration 
products occupy is greater than that originally occupied by the cement 
grains they replace, and thus they tend to fill the capillary pores 
originally filled with water. Also according to Powers, Copeland and 
Mann (1959) who considered the permeability of paste in terms of 
capillary pores, hydration of cement increases the solid content of the 
paste, the original capillaries becoming blocked by gel, producing the 
effect of closing capillary pores within the hydration product. 
To evaluate the permeability data obtained in the present investi-
gation (Tables 4.9 and 4.10 for Fly ash and Blastfurnace slag replaced 
cement for water/cement ratios 0.3 and 0.4 at ages 28 and 270 days) it 
is useful to compare the values of permeabilities obtained for pure 
cement pastes with the new apparatus used here, with the data of Powers. 
This data (Table 1.2), is quite comparable. The general trend observed 
of decreasing permeability with increasing time of hydration has been 
explained in the previous paragraph. The ultimate values at age 270 
days of the coefficient of permeability for \vater/cement ratios 0.3 and 
0.4 were about one quarter and one third respectively of Powers' 
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ultimate value. His larger value of permeability is expected because of 
his water/cement ratio of 0.7 which develops more pores. 
The experimental results also seem to give good correlation at age 
270 days with the Kozeny-Carman equation (see Appendix 1, Equation Al.lO). 
Application of the Kozeny-Carman equation to cement paste may be simplified 
by inserting the values of the constants. Thus for the coefficient of 
water permeability at 200 C the equation becomes: 
k = (2.409 2 Em ) x 10-23 (5.1) 
where k = coefficient of water permeability (m/s) 
E = total intruded pore volume 3 (rrrrn / g) 
m = mean hydraulic radius (Angstrom) 
Data surrrrnarised in Tables 4.1 and 4.5 shows the variation of the 
3 total intruded pore volume, mm /g, for hardened cemeut pastes prepared 
at two water/cement ratios and hydrated for different ages. A similar 
set of data is presented in Tables 4.3 and 4.7 for the mean hydraulic radius, 
in Angstrom. The calculated values of water permeability k for the pure 
cement pastes can be found from these radii by using equation 5.1. 
A typical set of calculated k values and their correlation with measured 





Table 5.1: Correlation between measured water permeabilities and 
values calculated from the Kozeny-Carman equation for 
pure hardened cement pastes. 
calculatec. 
























Tables 4.9 and 4.10 also show the coefficient of permeability for 
28 and 270 days of hydration for two water/cement ratios and eight per-
centages of Fly ash and Blastfurnace slag replacement of cement re-
spectively and are discussed as follows:-
The coefficient of permeability decreases gradually with increasing 
Fly ash replacement of cement between 20 and 40 per cent, there is 
little effect on the permeability below 10 per cent. The permeability 
sharply increases with increasing Fly ash replacement above 60 per cent 
for 28 and 270 days of hydration and for the two water/cement ratios. 
For simple comparison this data is shown in Figures 4.21 and 4.22. In 
the development of the pore system, the permeability should be less with 
increasing time of hydration, which was found to be the case for 0 to 
60 per cent Fly ash replacement; however the increase in permeability 
of the cement for 60-80 per cent Fly ash replacement did not show any 
significant reduction as the age of the sample increased from 28 to 270 
days. Evidently the increase in pores brought about by high levels of 
Fly ash replacement do not become sealed or reduced during the further 
hydration which occurs. On the basis of work on pure cement pastes 
permeability is expected to be greater, the greater the water/cement 
ratio. This behaviour is also exhibited by Fly ash replaced cement up 
to a value of 50 per cent (Figure 4.21); above this value at 28 days of 
hydration, the permeability was found to be less for the Fly ash replaced 
cement with 0.4 water/cement ratio than 0.3 water/cement ratio, a result 
which is rather unexpected. Perhaps the additional water assists the 
hydration which is limited at these high values of Fly ash replacement. 
However when the age 270 days is reached the substance behaves more as 
expected with the 0.3 water/cement ratio developing a lower ultimate 
permeability than the 0.4 water/cement ratio up to a Fly ash replacement 
level of 60 per cent. The data indicates a useful decrease of 
permeability up to 40 per cent Fly ash replacement, a figure which 
happens to coincide with the normal upper limit of permitted Fly ash 
replacement which has been determined on the basis of compressive 
strengths (A.S.T.M. C595-79). 
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It is useful to compare the water permeability data for Fly ash 
replacement cement with the mercury intrusion porosimetry data. Apart 
from slight 'humps' in the curves at low percentage Fly ash replacement, 
the curves for pore volume for size ranges 37-400 Angstrom and 37-1000 
Angstrom show a general tendency to increase for Fly ash replacement 
o - 70 per cent (Figures 4.S and 4.10); in contrast, the pore volume 
for sizes greater than 400 Angstrom generally decreases from 0 to 60 or 70 per 
cent Fly ash replacement (Figure 4.9). It can be concluded then, that 
the reason for the decrease in water permeability as Fly ash replacement 
is increased from 0-40 per cent (seen in Figure 4.21) is due to the 
decrease in pores of sizes greater than 400 Angstrom which offsets the 
1ncrease 1n finer pores which occurs. Over the range 40-60 per cent, 
large pore size (greater than 400 Angstrom) is still decreasing, whereas 
the water permeability is increasing (Figure 4.22); hence this must be 
due to the finer pores beginning to make a significant contribution to 
the water permeability. The sharp increase in water permeability which 
occurs as Fly ash is increased above 60 per cent must correspond, how-
ever, to increased large pores (greater than 400 Angstrom) which at this 
stage suddenly show a rapid increase in numbers (Figure 4.9)· 
Additionally to these arguments there is a good correlation between water 
permeability of Fly ash replaced cement and the ratio of capillary to 
total porosity (Table 4.4). 
The coefficient of permeability decreases gradually with increasing 
ground granulated Blastfurnace slag replacement of cement between 40 -
SO per cent, there is little effect lower than 40 per cent of Blastfurnace slag 
replacement. Above SO per cent the permeability increases with increasing 
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Blastfurnace slag replacement of cement for 28 and 270 days of hydration 
and for the two water/cement ratios. 
4.23 and 4.24. 
This data is shown in Figures 
It is not easy to relate water permeability with porosity data for 
Blastfurnace slag replaced cement. For an age of 270 days and 0-40 
per cent B1astfurnace slag, the variations in large pore S1ze (greater 
than 400 Angstrom)seen in Figure 4.19 have virtually no effect upon the 
water permeability seen in Figure 4.24. It is possible that the finest 
particles in the B1astfurnace slag, of the order of 20,000 ~, playa 
role in blocking the largest pores (up to 75,000 ~). This mechanism 
might also explain the decrease in water permeability from 40-80 per 
cent Blastfurnace slag replacement (Figure 4.24). The very sharp 
increase in water permeability (Figure 4.24) as the Blastfurnace slag 
replacement is increased from 80-97 per cent 1S accompanied by a general 
decrease in the larger pore S1zes (greater than 400~, Figure 4.19) and 
could therefore only be explained by the rapid increase 1n pore sizes 1n 
the ranges 37-400 Angstrom (Figure 4.20) which occurs. The choices of 
range of pore size to plot are somewhat arbitrary and perhaps studies of 
other pore size ranges would show a closer correlation with water 
permeability data. In spite of the lack in relationship, however, 
there is a correlation between water permeability of Blastfurnace slag 
replaced cement and the ratio of capillary porosity to total porosity; 
the latter ratio is tabulated (Table 4.8) and follows the same general 
trend as the water permeability curve for ages 28 and 270 days at 0.4 
water/cement ratio. In respect of this particular correlation the 
Blastfurnace slag replaced cement behaves similarly to Fly ash replaced 
cement. 
The constancy of water permeability over the range 0-40 per cent 
Blastfurnace slag replacement (Figure 4.24) merits further comment for 
it is rather unexpected on physical grounds; one might expect the fine 
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particles of Blastfurnace slag to reduce the permeability of the cement; 
possibly, however, they become hydrated first being of greatest surface 
area to mass ratio. 
The present investigator is of the opinion that very complex 
chemical effects, in particular the vastly larger quantity of CaO present 
in Blastfurnace slag (Table 2. 7) than the trace amounts in Fly ash 
(Table 2.5) certainly must be taken into consideration when trying to 
match theory with observation. 
5.2 CONCLUSIONS 
Fly ash and Blastfurnace slag produce significant changes in pore 
volume, pore size distribution and water permeability. They generally 
cause an 1ncrease in the total porosity but reduce the ratio of capillary 
to total porosity, for limits of up to 50 per cent Fly ash and 80 per 
cent Blastfurnace slag replacement respectively. The water permeability 
generally shows a reduction up to the same limits above. 
yeol\,\ce.. 
These sub-
stances also ~rr=ve bleeding. More detailed conclusions follow:-
1. The interparticle spaces present within the fixed volume of cement 
paste decrease in size as the content of hydration products increases with 
increasing age at any given percentage of Fly ash or Blastfurnace slag 
replacement. 
2. At all percentages of Fly ash or Blastfurnace slag replacements the 
total pore volume intruded by mercury (the ca,illary pore volume) de-
creased with increasing time of hydration up to 270 days, showing little 
further change with age up to 560 days. The total intruded pore volume 
also increased with increasing water/cement ratio. 
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3. Fly ash replacement of cement up to 40 per cent by weight LS suitable 
Ln practice because within this range, the water permeability is reduced 
although. the compressLve strength at less than one year may be lower. 
4. For Fly ash replaced cement there was a good correlation between water 
permeability and the ratio of capillary to total pores. From 0-10 per 
cent replacement there was little effect on water permeability, but it 
decreased thereafter to a minimum from 20-40 per cent, thereafter 
increasing in value to approximately equal to pure cement paste around 
50 per cent replacement. Above 60 per cent replacement the permeability 
increased sharply. The ratio of capillary to total pores shows a very 
similar trend with an initial constancy (at replacement 0-10 per cent) 
followed by a minimum, and then sharp increase above 60 per cent re-
placement, showing a close correlation with the water permeability. 
5. For Blastfurnace slag replaced cement there was little effect on the 
water permeability from 0-40 per cent replacement. Thereafter it 
decreased gradually with increasing Blastfurnace slag replacement from 
40-80 per cent. Above 80 per cent replacement the water :?ermeability 
increased very rapidly. Although this data was difficult to correlate 
with pore . data, . particular the large Lncrease in permeability s~ze Ln 
at high replacement was not accompanied by increasing number of large 
capillary pores, yet the ratio of capillary porosity to total porosity 
showed a similar trend as the water permeability data with increasing 
replacement. 
s. ~ata which ha~ been obtained Ln the investir~tion COV0rs the 
range of pore ~izcs 37 ~ - 75,000 R, \Jhich i~ outside the nor.nal :-angc 
of 100 R - 1000 R normally given in other research; the investigation 
of large pore s~zes has been of particular interest for high replace-
ment levels of Fly ash and Blastfurnace slag. The small pore sizes 
raise certain questions involving physical interpretation of data. 
The phenomenon, not fully understood, of negative mercury intrusion has 
often been observed for pressures greater than 1000 kg/cm2 and the 
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effect reduces at later stages of hydration and at high replacement levels 
of Fly ash or Blastfurnace slag. 
7. For a pure hardened cement paste the coefficient of permeability 
decreased with increasing time of hydration and increased with increasing 
water/cement ratio. 
8. There was some discrepancy between the present data on porosities 
of pure cement, and the data given by Powers (1964) and Neville (1981). 
They stated that for water/cement ratios of 0.38, fully hydrated cement 
paste would have no capillary porosity and would have only gel pores 
occupying about 28 per cent of the gel volume; at higher water/cement 
ratios and complete hydration, there would be about 28 per cent gel pores 
plus additional capillary pores due to excess water. 
However, in the present work, pure cement paste (water/cement ratio 
0.4) at 270 days hydration had a capillary volume of 14.9 per cent, 
considerably higher than expected on the Powers model (near zero), and 
the gel porosity was 11.2 per cent, less than half the value expected 
on the same model. Even if allowance is made for the uncertain dis-
tinction between gel pores and capillary pores, the sum of gel and 
capillary pores (14.9 per cent + 11.2 per cent = 26.1 per cent) g1ves 
a value less than the 28 per cent expected on the Powers model. 
9. The Kozeny-Carman equation which enables an estimate of water 
permeability to be made using data on mean hydraulic radius and total 
intruded mercury porosity (capillary porosity) was found to 
g1ve reasonable agreement with the measured water permeability of pure 
cement pastes, (0.3 and 0.4 water/cement ratio, age 270 days). 
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However the equation clearly cannot be ap1?lied to Fly ash or Blast:urnace 
slag replaced cements because as the level of replacement increases 
(up to 40 per cent Fly ash or 70 per cent Blastfurnace slag) the total 
pore volume increases while the water permeability decreases, which 1S at 
variance with the equation. This departure from the Kozeny-Carmen 
equation implies that the pore structure of Fly ash or Blastfurnace slag 
replaced cements is considerably different from that of pure cement paste. 
On a unit weight basis the replaced cements contain more capillary pores 
according to mercury intrusion than the pure cement paste. Since the 
water permeability is reduced, however, it is clear that these capillaries 
do not transport water and are probably blocked by the greater quantity 
of gel product which is available in the replaced cement paste. 
10. The bleeding rate decreased with increasing Fly ash or Blastfurnace 
slag replacement of the cement and decreased with decreasing water/ 
cement ratio, and is probably due to a decrease in water/solid ratio. 
11. The rate of heat development during early stages of hydration was 
alowed down with increasing Fly ash or Blastfurnace slag replacement of 
the cement and with increasing water/cement ratio. 
12. It 13 of interest to note that for hirh replacement leve13 of both 
cent) and Blastfurnace slag (> 80%) the . , ~~ly ash (> 40 per cements rapia 
decrease 1n compressl.ve strength 1S evidently correlated with the rapid 
increase 1n water permeability. 
5 • 3 ~URTHER i.JORK 
The data obtained in the present investigation has been restricted to 
one composition of Fly ash and Blastfurnace slag respectively. This '..,ras 
in the interest of obtaining consistent experimental data so the perme-
ability and porosity characteristics could be ralated to the ~ary:~g 
levels of replacement of the concrete. ~~nile the Fl' .. ash and Blast-
furnace s ag used 1n this investigation were typical it 1S not known how 60 
much the data obtained would be influenced by the large variations in the 
chemical and physical properties that can occur in practice. Nor is it 
known how the permeability and porosity characteristics would develop in 
mass concrete as opposed to small test samples. 
experimental work could help to elucidate. 
Only additional extensive 
Permeability apparatus and measurements raise a number of problems 
which suggest further work in this area is required. It takes several 
weeks to obtain results from the sample, apart from being very incon-
venient, young samples must age significantly during the tests. The 
samples are also subjected to high pressure which influences hydration 
and leaching of calcium hydroxide. There is an absence of suitable 
commercial equipment to measure the permeability of concrete which leads 
to difficulties in comparing data between different laboratories. There 
is no standard concrete for calibration or for assessing equipment, 
leakages and so on. Increasing the' temperature which reduces the water 
viscosity or increasing the cross-sectional area of the samples with the 
same thickness might speed up the obtaining of data, at the same time 
reducing the proportion of leakage at the circumference in relation to 
the total flow. Additionally the confining pressure required to 
suppress leakage may be lower because of the larger radius of curvature 
of the specimen. 
The interpretation of porosity data obtained with mercury intrusion 
apparatus raises a number of questions. Firstly it would be useful to 
develop the physical theories of mercury intrusion, especially at high 
pressures; the diameter of the mercury molecule being around 3 Angstrom 
then a simple surface tension theory is possibly inadequate when pores 
only some 10 times bigger diameter are being considered. The concept 
of a continuous surface possess1ng geometric parameters such as radius 
of curvature or contact angle becomes questionable. Secondly the pores 
cannot be assumed to be cylindrical or even of constant cross-section. 
To some extent this problem is resolved when data between different 
laboratories is compared using the same equipment. However, if the 
· :61 pressure ~s great enough to cause mechanical failure of the sample and 
upset the close packing of the particles greater voidage will be created 
and give the erroneous idea that the sample contains many fine pores. 
This area of physics requires further research. 
It may be possible to measure the compressibility of the cement 
matrix simply by saturating the sample fully with water so the pores are 
filled, and measuring the compressibility in normal mercury intrusion 
apparatus. From the known characteristics of water, its quantity and 
the weight of the dry sample, the compressibility of the cement matrix 
may be calculable. However,the existence of encapsulated pores 
suggested by Diamond and Dolch 1972 may raise some difficulties with 
such a proposal. 
The phenomenon of negative mercury intrusion at high pressures, 
observed in the present research needs further study. Increasing Fly 
ash causes decrease of compressive strength, therefore it may be 
expected that more negative mercury intrusion would appear at lower 
pressures than observed for the pure cement paste. This does not 
happen therefore the negative mercury intrusion is not apparently 
associated with fracture of the material under the high pressures. On 
the basis of energy, mercury ~s forced out of the sample as the pressure 
is increased and so the hardened cement sample performs work on the 
surroundings. This implies a reduction of 'stored energy' in the sample, 
which may be associated with surface energy of the pore, decreasing when 
the pore diameter is reduced. It mav be th~t at c~rt~jn critic~l prcs:tirc~ 
the work done in forcing nercur-:; into a pore, which .;_::: a oec:lanisr;1 :or 
storing energy, leads to instability,the sytem becoming more stable i~ 
mercury is expelled and a pore shrinks taking up a state of lower stor~d 
energy. To develop .:J.n .:J.dcqu.:J.te t:leory espc.ci~lly Slnc~ the ~ores 
are not cylindrical, 1S an area which requires further research. 
In the present investigation it was observed that while the total 
porsity increased the water permeability decreased for increasing ?1 '; 
ash or Blastfurnace slag replacement up to certain limits. This 
represented a departure from the Kozeny-Carman equation. This was due 
partly to the geometry of the pores in the replaced cements, in par-
ticular the reduction in ratio of large pores to total pores during 
hydration and partly to chemical effects, with gel product blocking the 
capillary pores. The Kozeny-Carman equation is more applicable to a 
sand system with continuous pores, therefore to develop a theory which 
applies to the cement pastes so that water permeabilities can be pre-
dicted on the basis of porosity characteristics is an area requiring 
further work. 
Bleeding characteristics for Fly ash or Blastfurnace slag replaced 
cements for both water/cement ratios of 0.3 and 0.4 were found to be 
improved in this research, but this data needs to be extended in several 
respects. Segregation of cement during setting depends on specific 
gravity of constituents; the replacement by Fly ash or Blastfurnace slag, 
having lower specific gravities than the pure cement, might possibly 
lead to less segregation.. The effects on mass concrete setting need 
to be evaluated as opposed to the small test samples (100 mm length and 
~,8.1 mm diameter cylinder) used in research which tend to rema~n 
homogenous. Data on segregation, bleeding and water gain for higher 
water/cement ratios also need to be obtained, and in relation to rich 
and lean m~xes. 
No data has been obtained here on the effects of replacing cement 
by var~ous combinations of Fly ash and Blastfurnace slag together, 
apparently such pozzolana cements have not been developed. Fly ash 
contains less CaO than Blastfurnace slag. The influence of the CaO 
upon the pore system is uncertain but, perhaps the permeability of Fly 
ash replaced cement might be further reduced by adding varying pro-







Relationship between permeability and porosity including 
Darcy's law and Kozeny-Carman model. 
Computer Program 




THEORETICAL ASPECTS OF THE RELATIONSHIP 
OF PEID1EA.BIL ITY AND PORDS ITY 
The starting point of the analysis in Darcy's law, LS the assumption 
that the velocity of flow of a liquid through a porous medium due to 
difference in pressure is proportional to the pressure gradient in 
the direction of flow. This assumption is supported by experiment. 
When the macroscopic flow is unidirectional, the law may be stated as 
follows: 
q = K H/L (AI.I) 
where q = volume of liquid passing through a unit area of 
the porous medium in a unit of time (m/s) 
K = coefficient of permeability of the porous medium 
to a specified liquid at a given temperature (m/s) 
H = hydraulic head across the thickness of the 
permeable body (m) 
L = thickness of the permeable body em) 
The problem is to find the value of K in terms of the 
characteristics of the solid and the liquid, and their relative 
proportions. The problem has been studied by many workers. ~le most 
successful development is the Kozeny - Carman equation, the "clistJr:r Jr 
which was reviewed by Kozeny, 1927. There has been much discus~ion Jr 
the details of the development and the physical significance or :~e 
parameters of the equation. ~le equation is derived :rJn :~e 
Poiseuille equation. 
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1.1 ANALYSIS BASED ON POISEUILLE'S LAW 
The flow of liquid through a permeable body composed of particles 
and interstices is considered to be analogous to the flow through a 
solid body which is pierced by a number of identical, parallel, 
cylindrical capillaries. The coefficient of permeability of such a body 
for laminar flow in the direction of the capillaries can readily be 
calculated in terms of Poiseuille's Law. 
According to Poiseuille's law, the rate of flow of a lIquid 
through a tube is directly proportional to, the difference in ~~quid 
pressure at the ends of the tube, and the fourth power of the radius 
of the tube, and is inversely ?roportional to the <Tiscos i t7 or c:-te 
liquid. 
The quantitative relationship between rate of flow and ~ressure 
drop may be expressed as follows : 
I 
TrR'""' H 
Q = p- a (Al.2 ) ~ 
811 r La 
where Q = volume efflux from the capillary 3 \I!l. Is) 
R = radius of the capillary (m) 
La = length of the capillary (m) 
3 Pf = density of the fluid (kg/m ) 
2 
11 = viscosi ty of the fluid (N.s/m ) 
2 
a = acceleration due to gravity (m/s ) 0 
H = hydraulic head (m) 
166 
Since the total flow per unit area of the plug is the flow from ~ 




q = - Q 
A 
N v 1 
-= --= 
A A TtR2 
q = flow per unit total area 
(AI.3) 
(AI.4) 
v = total volume of the capillary per unit length 
R = radius of the capillary 
') 
~R-= capacity of the capillary 
E = porosity of the system of capillaries, that is 
porous volume/total volume 
Since H is the same for the plug as a whole as it is fo= a single 
capillary, the expression for flow through the plug can be written 
P f g TtR4 H 
q =----e:.-







Equa tions AI.l and Al.S may be combined to give, 
R2 p-g 
K r ·E (Al .6) = 
811 
which gives the coefficient of permea bili ty of the plug , ..., te~s 0: ..... 
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its porosity, pore size and the viscosity of :he liquid. S:"'c o ~ .... -
viscosity is a function of temperature, K r,.;ill also ·,ary ~';l::: 
temperature. Hence when quoting values or K for a medi~n :t is 
necessary to quote both the fluid used (that is p _ and 11) and the 
r 
temperature. 
1 • 1 • 1 THE KOZENY - ~~lAN ~ODEL 
It is obvious that Equation Al.6 is not directly applicable to a 
permeable body composed of particles and interstices. However, there 
is a certain similarity between a granular bed and a system or 
parallel capillaries with respect to permeability. Specifically, i~ 
the porous medium is uniform and isotropic, the area for flow in the 
direction of the pressure gradient may be assumed to be the fraction E 
of unit volume, as in Equation Al.6. However, although the area for 
flow in any plane normal to the direction or flow ::nay be E , the 
openings in that plane will not be circular, nor all or the same 
s~ze. Also it is apparent that the flow paths through the 
interstitial spaces will not be parallel straight lines in the 
direction of flow. Nevertheless, Kozeny (1927) showed that the 
Poiseuille model can be adapted to it. 
The derivation of Kozeny's equation, as presented by Powers 1968, 
is as follows: For a noncircular conduit, the radius of the conduit 
may be considered as the mean hydraulic radius m, defined as :~e 
volume (capacity) of the conduit divided by the wetted surface area. 
For example, a circular section. 
m = = 
2rtRL 2 








For a section other than circular, the factor 2 is replaced by a 
shape factor Ko. For ellipses, Ko is between 2 and 2.5, depending on 
the ratio of major to minor axis length, for a square section, it is 
1.i8, and for various rectangles having different ratios of Nicith t~ 
height it ranges upward from that value to 3.0 for in£~nite ratio. 
Ca.rman ( 193 7) found ~hat the value f. 0:- the openings i.:l granular 'Jeas 
may be taken as 2.5. 
The pressure drop in the conduit depends on the actual velocity 
and on the effective length of the flow path. For the Poiseuille 
rnode~the effective macroscopic velocity was simply q/€, and the factor 
of Le/L must be included where Le is the actual distance of flow ~n 
transversing thickness L. Hence Equation Al.8 must be modified as 
follows: 
q Le Pfg ") H 
-2 m·-




Pfg 2 H 





Equations AI.l and Al.9 are then combined to ~1.ve I? , 
K = 
Pfg 2 
--~---g m Ko(Le/L)~ (AI.IO) 
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Carman (1937) observed coloured streams passing through beds or 
particles and concluded that on the average their direction was 
inclined at 45 0 to the general direction of flow. Hence the =atio 
(Le/L) = 21/2 or (Le/L)2=2, this being called the tortuosity ~actor. 
? 
It follows that Ko(Le/L)- = Kc = 2.5 x 2 =5, which was Ca~an/s 
constant, but which may be also called the Kozeny cons~an~. 
Studies by Wyllie et al(1952) have shown that Kc is not the same 
for all systems and that in a given system it may take on di=:eren~ 
'lalues if E is v'aried. Though, according to ?owers 1962, ~ZC = J ::2.S 







The computer program used in this work consists of the main program 
with a series of plotting routines and an input data subroutine. 
The plotting routines are standard routines for graphical results 
used in London University Computer Centre. For further information on 
the plotting routine used in this work, DIMFILM manual (Kings College 
London) must be consulted. 
The basic prograIil structure is shown in program flowchart. In the 
first section ~,XR'~'XU factors controlling the final printed slide 
size are evaluated. In section two, the following data are read in and 







= identification number of problem, 
= frequency intervals of pore radius, 
= maximum value on pore radius scale,75000 Angstrom,at lower 
x-axis and pressure scale,2000 kg/cm2,at upper x-axis, 
= maximum value on cumulative pore volume scale (mmJ / g) , 
= maximum value on pore size distribution (d(V t -v c)/dlogr), 
= total intruded pore volume (cmJ/g) for sample for which data 
is to be plotted. 
In section three, the data from the previous sections is based to set the 
plotter camera in the configuration required for the plots. Section four 
is the data entry routine for the experimental data in Subroutine Jatain 
for frame 1 of the plot one. In section five, the results calculated 
in section four are printed and plotted as frame 1 of the final plot. 
In the subsequent sections (6-11) the repeated calls to Jatain ~~C 





















XMAX , YAMAX , YBMAX 
A(IJ) 
T 
SET UP CA~~ & AXIS 
1 
CALL DATAIN (1) I 
1 
PLOT GRAPH (1) -I 
L 
CALL DATAIN (2) I 
1 
PLOT GRAPH (2) I 
1 
CALL DATAIN (3) I 
1 
PLOT GRAPH (3) ! 
1 
CALL DATAIN (4) I 
I 





The experimental data results of cumulative pore volume etc. are 
read in this Subroutine. The st:ructure of this Subroutine is shown in 




= Applied pressure (kg/cm2). 
= Compressibility of the mercury and the system at P(I),mercury 
level in the capillary stem in millimeter data from blank run. 
SCI) = Mercury level in the capillary stem intruded the sample at P(I), 
millimeter. 
X(l) = 75000 Angstrom (maximum pore radius). 
Initial values, 







= 75000./P(I) (pore radius in Angstrom). 
= (S(I)-HG(I))~(N)-HG(N)),Temporary variables 
= V(I)*1000.*A(IJ),(cumulative pore volume,mmJ/g) · 
= (YA(I)-YA(I-l))/ALOG(X(I)),(pore size distribution) . 
2 
= SA+(YA(I)-YA(I-l))/X(I)*0.2 (surface area,m /g). 
= (A(IJ)/SA)*10000. (mean hydrulic radius,Angstrom) 
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DIMENSION X(4O) .YA(4O) .YB'4O) .A(4O) 
DATA IAlT/IR:K/ 
DATA DElTA/O.17/ 
Xl =-36. O:KOEl TA 
XR=36.0:K(1.O+OElTA) 








CAll IBACK (8) 
CAll lOGlIM(2.0.5.0) 
READ (5,501) NPROB.N,K 
501 FORr-FlT (3II0) 
READ (5.502) XMAX,YAMAX.YBMAX 
502 FORMAT (3F1 O. 4) 






CAll CASEAl T<lR&) 
CALL SYMTEXT(S4HF&IGURE& A3.26 THE EFFECT 3F ~lASTFURNACE SLAG ~EP 





CALL SYMTEXT (24HPORE RADIUS (A&NGSTROM&.). 24) 
CALL SYMHT(0.4O) 
CALL OFFTOXY(5.7,11.5) 




CALL SYMTEXT(35HCUMULATIVE PORE vOLUME (&CU HM/G& ) .J5) 
CALL SYMHT (0.40) 
CALL OFFTOXY(17.55,1.55) 






CAll XAXIS (37. ,75000.) 
CALL YAXIS(O.O.YBMAx) 



















CI4LL L YVAL 
CALL LXVAL 
CALL BLANK(10.J5,lS.O,6.60,12.0) 
CALL INTSTY (lQ) 
CALL XGRID 































CALL SYMTEXT (24HP(3RE RADIUS (A&NGSTR!3M&). 24) 
CALL S'l'I'1-IT (0 • 40) 
CALL !3FF"TeXY(23.7.11.5) 




CALL SYMTEXT (35HCUNULATIVE P!3RE vBLUr-£ (&CU MN/G& ) .35) 
CALL S'l'I'1-IT (0.40) 
CALL !3F"F"T(3XY(35.55,1.55) 




CAL L XAXIS (37. , 75000.) 
CALL YAXIS (Q. 0 , YBI"'AX> 




















CALL L YVAL 
CALL LXVAL 
CALL BLANK(28.05.36.0.6.60.12.0) 
CALL INTSTY (10) 
CALL XGRID 






CALL INTSTY (22) 
CALL UXBPPT 
CALL INTSTY (10) 
CALL GRFRAI'E 
CALL ~FFT3XYC28.3.9.S) 
CALL SYM-IT (0.4) 
CALL SYMTEXT(SHFRAI'E D.S) 
CALL ~FFT3XY(28.3.S.S) 
HT=24. 0*0. 45/34.5 
CALL SYM-IT CHTI 
CALL S~rEXTC27HAGE ~F SAMPLE (DAYS) = 3 ,27) 
CALL ~FFT3XY(2S.3.S.0) 
HT=24. 0*0. 45/34.5 
CALL SYM-IT CHTI 
CALL SYMTEXT(27HWATER/CEMENT ~ATII3 0.3,27) 
CALL ~FFTUXY(28.3.7.2) 
HT=24. 0*0.45/34. 5 
CALL SYM-IT CHTI 






CALL SYMTEXT(24HP3RE RADIUS (A&NGSTR~M3J .24) 
CALL SYM-IT (0.40) 
CALL ~FFTUXYC5.7.23.5) 
CALL SYMTEXTCJIHABS3LUTE PRESSURE (&KG/SQ CM3J .31) 
CALL SYMANGL(90.0) 
CALL SYM-IT (0.40) 
CALL ~FFTUXY(0.S.14.10) 
CALL SYMTEXT (J5HCUM..ILATIVE PI3RE v~LUME (&CU MM/G& ) .35) 
CALL SYM-IT(0.4O) 
CALL ~FrTI3XYC17.55.13.55) 
CALL SYMTEXT(47HPI3RE SIZE DISTRIBUTII3N (&O&(V&T&-v&CSJ/&oL~~~&) .47 
C) 
CALL SYMANGL (0.0) 
CALL LeGX 
CALL XAXIS C:37 .• 75000 .) 



















CALL L YVAL 
CALL LXVAL 
CALL BLANK(10.05,18.0,18.60,24.G) 
CALL INTSTY (l0> 
CALL XGIUD 






CALL INTSTY (22) 
CALL UXCPPT 




CALL SYMTEXT(8HFRAt"E A,8) 
CALL (3FFTaXY(10.3,20.8) 
HT=24.0XO.45/34.5 
CALL SYM-4T (HT> 
CALL SYMTEXT(27HAGE (3F SAMPLE (DAYS) = 3 ,27) 
CALL (3FFTaXY(10.3,20.0) 
HT=24.0XO. 45/34. 5 
CALL SYM-4T (HT> 
CALL SYMTEXT(27HWATER/CEt"ENT RATI(3 = 0.3,27) 
CALL (3FFTaXY(10.3,19.2) 
HT=24.0XO.45/34.5 
CALL SYM-4T (HT> 






CALL SYMTEXT(24HP(3RE RADIUS (A&NGSTR(3M3J ,24) 
CALL SYM-4T CO. 40) 
CALL (3FFTaXY(23.7,23.5) 
CALL SYMTEXT(31HABS(3LUTE PRESSURE (&KG/SQ CM3J ,31) 
CALL SYMANGL(90.0) 
CALL SYM-4T (0 • 40) 
CALL (3FFTaXY (18 .80014.10) 
CALL SYMTEXT (35HCUM.JLATIVE P(3RE V(3LUM[ (&CU I"TVG& ) ,35) 
CALL SYM-4T(0.4O) 
CALL (3FFTeXY(35.55,13.55) 










CALL YAXIS (0.0, YAMA)() 
179 
PRC3GRAM :1ANS(3U 
CALL GRAPHIC (X.YA.N) 
230 CALL L YVAL 
CALL LXVAL 
CALL BLANK (28.05.36.0. 18.60.24.0) 
CALL INTSTY(lO> 
CALL :<GRID 





240 CALL UXVAL 
CALL INTSTY(22) 
CALL UXI3PPT 
CALL INTSTY (10) 
CALL GRFRAI"'E 
245 CALL BFFTOXY(28.3.21.8) 
CALL S'r'M-IT CO. 4) 
CALL SYMTEXT(8HFRAI"'E B.8) 
CALL BFFTOXY(28.3.20.8) 
HT=24.0*D. 45/34. S 
250 CALL S'r'M-IT (Hn 
CALL SYMTEXT(27HAGE BF SAMPLE (DAYS) = 3 .27) 
CALL BFFTOXY(28.3.20.0) 
HT=24.0*D. 45/34. S 
CALL S'r'M-IT (Hn 
255 CALL SYMTEXT (27HWATER/cEr-£NT RATIB 0.3.27) 
CALL BFFT(3XY(28.3.19.2) 
HT=24. O*D. 45/34. 5 
CALL S'r'M-IT (Hn 
CALL SYMTEXT(28HSLAG REPLACEI"'ENT = 20:1:$,28) 
260 CALL WINDFRM 
CALL WINDBW(0.0.36.0.0.0.24.0) 
CALL WINDFRM 
CALL END FILM 
STOP 
265 END 











DII"'ENSIGN X (N) , YA (N) ,YB (N) 
DII"'EN5IGN 5 (40) ,p (40) ,HG (40) ,A (40) ,V (40) 
READ(5,20l (p(n ,HG(!) ,S(!) ,I=l,N) 
FGR~T(8FI0.5) 
X (1) = 75000. 
YA (1) =0.0 
YB (1) =0. 
V (1) =0.0 
5A=0.0 
DB 21 I=2,N 
X <I) =75000.0/1' (n 
V (n = (5 (n -HG (n) / (5 (N) -HG (N) ) 
YA (D =v (n )l(1000.)I(A (IJ) 
YB (n = (YA (I) -YA (1-1) ) /ALBG (X (n) 
5A=5A+(YA (I) -YA <I-l» /X(I) 

























. 1117099E+OO . 1605083E+OC 
. 1605083E+OO 
.1000000E+OO . 7500000E+05 . 1253971E+01 
.1000000E+OO . 3750000E+05 .1253971E+01 O. 
.1000000E+OO . 2500000E+05 .1253971E+01 O. 
.1000000E+OO • 1875000E+05 .1253971E+01 O. 
.2000000E+OO . 1500000E+05 . 2507942E+01 . 1304073E+OO 
.3000000E+OO • 1250000E+05 .3761913E+01 . 1329277E+OO 
.4000000E+OO .9375000E+04 .5015884E+01 • 1371089E+OO 
.5000000E+OO .7500000E+04 . 6269855E+01 . 1405378E+OO 
.5000000E+OO .6250000E+04 .6269855E+01 O. 
.6000000E+OO .5000000E+04 . 7523827E+01 . 1472282E+OO 
.6000000E+OO .4166667E+04 .7523827E+01 O. 
.7000000E+OO .3571429E+04 . 8777798E+01 . 1532837E+OO 
.8000000E+OO • 2884615E+04 .1003177E+02 . 1573927E+OO 
.8000000E+OO . 2500000E+04 .1003177E+02 O. 
.9000000E+OO .2083333E+04 .1128574E+02 . 1640953E+OO 
. 1200000E+01 .1704545E+04 .1504765E+02 .5055619E+OO 
. 1700000E+01 .1388889E+04 .2131751E+02 . 8664498E+OO 
. 2500000E+01 .1190476E+04 . 3109848E+02 . 1381082E+Ol 
. 4200000E+Ol . 9868421E+03 . 5203980E+02 .3037390E+01 
. 6300000E+01 .8152174E+03 • 781224OE+02 . 3890919E+01 
. 7600000E+01 .6818182E+03 . 9404783E+02 . 2440768E+O 1 
. 8600000E+01 . 5597015E+03 .1059606E+03 . 1882719E+01 
. 9800000E+01 . 3989362E+03 • 1191273E+03 .2198553E+Ol 
.1060000E+02 . 3348214E+03 . 1279051E+03 . 1509874E+01 
. 1130000E+02 . 2697842E+03 . 1348019E+03 . 1232102E+01 
.1190000E+02 .2300613E+03 . 1410717E+03 . 1152897E+01 
. 1270000E+02 • 1851852E+03 . 1479686E+03 . 1320891E+01 
• 1380000E+02 . 1299827E+03 . 1561194E+03 • 1674572E+01 
. 6300000E+02 .2000000E-01 
• 7600000E+02 .5000000E-01 
. 9200000E+02 .7000000E-01 
. 1100000E+03 .1000000E+OO 
. 1340000E+03 . 1500000E+OO 
. 1880000E+03 .3000000E+OO 
.2240000E+03 .4000000E+OO 
. 2780000E+03 . 5500000E+OO 
. 3260000E+03 . 6500000E+OO 
.4050000E+03 .9000000E+OO 
. 5770000E+03 . 1350000E+01 
. 6820000E+03 . 1750000E+01 
. 8340000E+03 . 2200000E+01 
• 1000000E+04 . 2800000E+01 
.1210000E+04 . 3500000E+01 
.1442000E+04 . 3800000E+01 
.1744000E+04 .4600000E+Ol 
. 2000000E +04 . 4800000E +0 1 
. .183794OE+05 
. 1000000E+01 O. 
.2000000E+01 O. 
.3000000E+01 O. 
'.1430000E+02 .1099707E+03 . 1573734E+03 . 2667902E+OO 
. 1480000E+02 . 8992806E+02 • 1580004E+03 .1393608E~0 
. 1540000E+02 • 7500000E+02 .1580004E+03 O • 
.1580000E+02 . 6198347E+02 .1542384E+03 -.9115662E+OO 
.1640000E+02 .5201110E+02 . 1580004E+03 . 9520319E+OO 
• 1690000E+02 . 4300459E+02 .1542384E+03 -.1000161E+01 




.7500000E+05 O. O . 
. 3750000E+05 . 1837738E+01 . 1744893E+OO 






































.4000000E+01 O. .1000000E+OO • 1875000E+05 . 1837738E+01 O. · .:635'037:O:-C::; 
.5000000E+01 O. .1000000E+OO . 1500000E+05 .1837738E+01 O. · ':635:;37~-:: 
.6000000E+01 O. .2000000E+OO . 1250000E+05 . 3675476E+01 . 1948101E+OO · ':635587E-<:::J 
.8000000E+01 O. .2000000E+OO . 9375000E+04 . 3675476E+01 O. · 1635587E.o.(JO 
.1000000E+02 O. .2000000E+OO . 7500000E+04 . 3675476E+01 O. · .:635587:0: .... :0 
.1200000E+02 O. .2000000E+OO • 6250000E+04 . 3675476E+01 O. · ':535::;87E.-.oO 
.1500000E+02 O. .3000000E+OO .5000000E+04 .5513215E+01 .2157681E+OO · .: 635::;87~.,.c0 
.1800000E+02 O. .3000000E+OO .4166667E+04 .5513215E+01 O. . 1535587E",::;0 
.2100000E+02 O. .3000000E+OO . 3571429E+04 .5513215E+01 O. · .: 635'087E t\)0 
.2600000E+02 O. .3000000E+OO . 2884615E+04 .5513215E+01 O. .1635587E,.oO 
.3000000E+02 O. .5000000E+OO . 2500000E+04 .9188691E+01 . 4697667E+OO · ':635587E+OO 
.3600000E+02 O. .9000000E+OO .2083333E+04 .1653964E+02 .9619495E+OO . 1635587E+OO 
.~0000E+02 O. . 2800000E+01 • 1704545E+04 • 5145667t:+02 . 4692484E+01 · ':635587E+OO 
· 5400000E +02 O. . 2900000E+01 • 1388889E +04 .5329441E+02 . 2539625E+OO . 1635587E+OO 
. 6300000E+02 .2000000E~1 . 3700000E+01 • 1190476E+04 .6 762877E +02 • 2024024E +0 1 .1635587E+OO 
. 7600000E+02 .5000000E~1 . 4200000E+01 . 9868421E+03 . 7626614E+02 • 1252789E+01 . 1635587E+OO 
. 9200000E+02 .7000000E~1 . 4800000E+01 . 8152174E+03 . 8692502E +02 . 1590058E+01 . 1635587E+OO 
• 1100000E+03 .1000000E+OO . 5200000E+01 . 6818182E+03 .9372465E+02 .1042127E+01 . 1635587E+OO 
· 1340000E +03 . 1500000E+OO . 5700000E+01 • 5597015E+03 .1019945E+03 • 1306985E+01 • 1635587E+OO 
. 1880000E+03 .3000000E+OO . 6400000E+01 . 3989362E+03 .1121020E+03 . 1687743E+01 . 1635587E+OO 
· 2240000E +03 .4000000E+OO . 6700000E+01 • 3348214E +03 . 1157775E+03 . 6322207E+OO . 1635587E+OO 
. 2780000E+03 . 5500000E+OO . 7200000E+01 • 2697842E+03 . 1222096E+03 . 1149074E+01 . 1635587E+OO 
· 3260000E +03 . 6500000E+OO • 7700000E+01 .2300613E+03 . 1295605E+03 • 1351689E+01 . 1635587E+OO 
.4050000E+03 .9000000E+OO • 8300000E+01 • 1851852E+03 . 1359926E+03 . 1231880E+01 . 1635587E"i'G0 
. 5770000E+03 • 1350000E+01 . 9200000E+01 • 1299827E+03 . . 1442624E+03 . 1699022E+01 . 1635587E+OO 
. 6820000E+03 . 1750000E+01 . 9600000E+01 .1099707E+03 . 1442624E+03 . 1935007E-12 . 1635587E+OO 
· 8340000E +03 . 2200000E+01 .1010000E+02 • 8992806E+02 . 1451813E+03 .2042381E+OO .1635587E+OO 
.1000000E+04 • 2800000E+01 .1060000E+02 • 7500000E+02 .1433436E+03 -.4256499E+OO . 1635587E+OO 
. 1210000E+04 . 3500000E+01 . 1110000E+02 . 6198347E+02 . 1396681E+03 -.8906213E+OO . 1635587E+OO 
· 1442000E +04 . 3800000E+01 . 1180000E+02 .5201110E+02 • 1470 191E+03 . 1860314E+01 . 1635587E+OO 
.17~00E+04 . 4600000E+01 . 1240000E+02 . 4300459E+02 . 1433436E+03 -.9771807E+OO . 1635587E+OO 
· 2000000E +04 . 4800000E+01 . 1370000E+02 • 3750000E+02 . 1635587E+03 . 5577599E+01 . 1635587E+OO 
. 1595608E+OO .1025056E+05 
.1000000E+01 O. O • • 7500000E+05 O. O. . 1422587E+OO 
• 2000000E+01 O. O • . 3750000E+05 O. O. .1422587E+OO 
. 3000000E+01 O. .1000000E+OO • 2500000E+05 . 1635157E+01 . 1614710E+OO · 1422587E +01] 
.4000000E+01 O. .1000000E+OO . 1875000E+05 . 1635157E+01 O. · 1422587E +00 
.5000000E+01 O. .1000000E+OO • 1500000E+05 . 1635157E+01 O. .1422587E+OO 
.6000000E+01 O. .1000000E+OO . 1250000E+05 . 1635157E+01 O. · 1422587E +00 
.8000000E+01 O. .1000000E+OO . 9375000E+04 . 1635157E+01 O. · 1422587E +00 
.1000000E+02 O. .1000000E+OO . 7500000E+04 . 1635157E+01 O. · 1422587E +00 
.1200000E+02 O. .1000000E+OO . 6250000E+04 . 1635157E+01 O. · 1422587E +00 
.1500000E+02 O. .2000000E+OO .5000000E+04 .3270315E+01 . 1919831E+OO · 1422587E +00 
.1800000E+02 O. .2000000E+OO . 4166667E+04 . 3270315E+01 O • · 1422587E +00 
.2100000E+02 O. .2000000E+OO . 3571429E+04 . 3270315E+01 O. · 1422587E +00 
.2600000E+02 O. .3000000E+OO . 2884615E+04 . 4905472E+01 .2052375E+OO · 1422587E +00 
.3000000E+02 O. .6000000E+OO . 2500000E+04 . 9810944E+01 . 6269738E+OO . 1422587E+OO 
.3600000E+02 O. • 1400000E+01 .2083333E+04 • 2289220E+02 . 1711820E+01 . 1422587E+OO 
.~0000E+02 O. .2000000E+01 • 1704545E+04 . 3270315E+02 . 1318489E+01 .1422587E+OO 
.5400000E+02 O. . 2600000E+01 . 1388889E+04 . 4251409E+02 . 1355803E+01 .1422587E+OO 
. 6300000E+02 .2000000E~1 . 2900000E+01 . 1190476E+04 . 4709253E+02 .6464799E+OO · 1422587E +00 
. 7600000E+02 .5000000E~1 • 3500000E+01 . 9868421E+03 . 5641293E+02 . 1351858E+01 · .: 422587E +00 
. 9200000E+02 .7000000E~1 . 4300000E+01 . 8152174E+03 . 6916716E+02 . 1902635E+01 · 1422587E +00 
• 1100000E+03 . 1 OOOOOOE +00 .5000000E+01 .6818182E+03 .8012271E+02 • 1679073E+01 · 1422587E +00 
· 1340000E +03 . 1500000E+OO . 5900000E+01 • 55970 15E+03 .9402155E+02 .2196610E+01 · 1422587E..-D0 
. 1880000E+03 .3000000E+OO . 7600000E+01 • 3989362E+03 . 1193665E+03 . 4232055E+01 . 1422587E+OO 
.2240000E+03 .4000000E+OO . 8200000E+01 .3348214E+03 . 1275423E+03 . 1406321E+01 . 1422587E+OO 
. 2780000E+03 . 5500000E+OO . 8800000E+01 . 2697842E+03 . 1349005E+03 . 1314524E+01 · 1422587E +00 
. 3260000E+03 . 6500000E+OO . 9100000E+01 . 2300613E+03 . 1381708E+03 .6013436E+OO 
.1422587E+OO 
.4050000E+03 .9000000E+OO . 9600000E+01 . 1851852E+03 .1422587E+03 . 7829179E+OO 
. 1422587E+OO 
. 5770000E+03 • 1350000E+01 .1010000E+02 . 1299827E+03 . 1430763E+03 .1679703E+OO 
.1 4 22587E"';::: 
. 6820000E+03 . 1 750000E +0 1 .1040000E+02 .1099707E+03 . 1414411E+03 -.3478900E+OO 
· .: 422587E 1'00 
.8340000E+03 . 2200000E+01 .1070000E+02 . 8992806E+02 . 1389884E+03 -.5451724E+OO 
· 1422587E-D0 
· 1 OOOOOOE +04 . 2800000E+01 . 1110000E+02 . 7500000E+02 . 1357181E+03 -. i574577E+OO 
· ':422587E.,..::;O 
. 1210000E+04 . 3500000E+01 .1160000E+02 . 6198347E+02 . 1324477E+03 -. 7924448E +00 
· ! 42258 7E t\)0 
. 1442000E+04 . 3800000E+01 . 1220000E+02 .5201110E+02 .1373532E+03 . 1241434E+01 
· ! 422587E 1'00 
182 
. 174'1000E+04 . 4600000E+01 .1280000E+02 . 4300459E+02 .1340829E+03 -.8694624E+OO .1422587::>":J 
.2000000E+04 . 4800000E+01 . 1350000E+02 . 3750000E+02 · 1422587E +03 .2255800E+01 .1422567E.,..JC 
.6948852E~1 .2047226E+05 
.1000000E+01 O. O. . 7500000E+05 O. O. .1 471283E...oO 
.2000000E+01 O. O. . 3750000E+05 O. O. . 1471283E.,..Q0 
.3000000E+01 O. .1000000E+OO . 2500000E+05 .2263512E+01 . 2235208E+OO . 1471283E+OO 
.4000000E+01 O. .1000000E+OO . 1875000E+05 .2263512E+01 o. . 1471293E-:C 
.5000000E+01 O. .1000000E+OO . 1500000E+05 . 2253512E+01 O . .1 4 71283E+OO 
.6000000E+01 O. .2000000E+OO .1250000E+05 . 4527025E+01 . 239944SE +00 . 1471293E-oO 
.8000000E+01 O. .2000000E+OO . 9375000E+04 . 4527025E+01 O • . 1471283E..-{J0 
.1000000E+02 O. .2000000E+OO • 7500000E+04 . 4527025E+01 O . . 1471283E+OO 
.1200000E+02 O. .2000000E+OO . 6250000E +04 . 4527025E+01 O • .1471283E+OO 
. 1500000E+02 O. .2000000E+OO .5000000E+04 . 4527025E+01 O. . 1471283E+OO 
.1800000E+02 O. .2000000E+OO .4166667E+04 . 4527025E+01 O • . 1471283E+OO 
.2100000E+02 O. .2000000E+OO . 3571429E+04 · 4527025E +0 1 O. . 1471283E+OO 
.2600000E+02 O. . JOOOOOOE+OO . 2884615E+04 . 6790537E+01 . 2841058E+OO . 1471283E+OO 
.3000000E+02 O. .3000000E+OO . 2500000E+04 . 6790537E+01 O • . 1471283E+OO 
.3600000E+02 O. .3000000E+OO .2083333E+04 . 6790537E+01 O • . 1471283E+OO 
.4'I00000E+02 O. .3000000E+OO .1704545E+04 . 6790537E+01 O . . 1471283E+OO 
.5400000E+02 O. .4000000E+OO • 1388889E+04 · 9054049E +0 1 . 3128014E+OO . 1471283E-D0 
. 6300000E+02 .2000000E~1 .4000000E+OO .1190476E+04 . 8601347E+01 -.6392199E-01 . 1471283E+OO 
. 7600000E+02 .5000000E~1 .6000000E+OO .9868421E+03 • 1244932E+02 . 5581210E+OO . 1471283E+OO 
. 9200000E+02 .7000000E~1 .1000000E+01 . 8152174E+03 • 2105066E+02 . 1283121E+01 .1471283E..-{J0 
• 1100000E+03 .1000000E+OO . 2200000E+01 . 6818182E+03 . 4753376E+02 .4058859E+01 . 1471283E+OO 
• 1340000E+03 • 1500000E+OO . 3400000E +0 1 . 5597015E+03 • 7356415E+02 .4113914E+01 . 1471283E+OO 
. 1880000E+03 .3000000E+OO . 5100000E+01 . 3989362E+03 .1086486E+03 . 5858341E+01 . 1471283E+OO 
. 2240000E+03 .4000000E+OO • 5800000E+01 .3348214E+03 . 1222297E+03 . 2336088E+01 . 1471283E+OO 
. 2780000E+03 . 5500000E+OO . 6500000E+01 . 2697842E+03 . 1346790E+03 . 2224037E+01 . 1471283E+OO 
. 3260000E+03 . 6500000E+OO . 6800000E+01 . 2300613E+03 . 1392060E+03 . 8324267E+OO . 1471283E+OO 
.4050000E+03 .9000000E+OO . 7300000E+01 . 1851852E+03 . 1448648E+03 .1083776E+01 . 1471283E+OO 
. 5770000E+03 . 1350000E+01 . 7900000E+01 . 1299827E+03 . 1482601E+03 . 6975526E+OO . 1471283E+OO 
. 6820000E+03 . 1750000E+01 . 8200000E+01 .1099707E+03 . 1459965E+03 -.4815765E+OO . 1471283E+OO 
. 8340000E +03 . 2200000E+01 . 8600000E+01 • 8992806E+02 . 1448648E+03 -.2515567E+OO . 1471283E+OC 
.1000000E+04 . 2800000E+01 .9100000E+01 . 7500000E+02 . 14260 13E+03 -.5242660E+OO . 1471283E+OO 
• 1210000E+04 . 3500000E+01 . 9500000E+01 . 6198347E+02 . 1358107E+03 -.1645446E+01 • 1471283E.o.DO 
. 1442000E+04 . 3800000E+01 .1000000E+02 .5201110E+02 .1403378E+03 . 1145660E+01 . 1471283E+OO 
. 174'1000E+04 . 4600000E+01 .1070000E+02 . 4300459E+02 . 138074 3E+03 -.6017888E+OO . 1471283E.,..Q0 
.2000000E+04 . 4800000E+01 • 1130000E+02 . 3750000E+02 . 1471283E+03 . 2498123E+01 . 1471283E+OO 
.9121170E~1 . 1613042E+05 
APPENDIX THREE 
FIGURES A3.1 - A3.50 
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